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ABSTRACT
Currently, the semiconductor industry relies on a class of chemistries, known as
perfluorocompounds (PFCs), to etch dielectrics. Specific applications that utilize PFCs include
wafer patterning and plasma enhanced chemical vapor deposition (PECVD) chamber cleaning.
These compounds have long atmospheric lifetimes, and are suspected to contribute to global
warming; therefore, the semiconductor industry and the U.S. Environmental Protection Agency
have signed a Memorandum of Understanding (MOU) that commits the industry to work to
reduce the emissions of PFCs from their processes.
Work is underway to identify alternative, non-perfluorocompound chemistries that achieve
equivalent processes with substantially reduced emissions of PFCs. Experiments have been
performed to evaluate the etch viability of a number of candidates. Alternatives that demonstrated
a comparable etch rate to a PFC baseline process were moved on to the next phase of the project:
etch process development or PECVD chamber clean development. Preliminary work on process
development has been completed; further work, including industry beta-testing of alternative
processes, will constitute the author's Ph.D. dissertation.
Two classes of chemistries, hydrofluorocarbons and iodofluorocarbons, have been identified as
promising alternatives as a result of the etch viability stage of the project. Results suggest that
hydrofluorocarbon chemistries behave similarly to PFC chemistries in analogous processes;
however, these compounds are also believed to be global warming gases, although to a lesser
extent than perfluorocompounds. For this reason, solutions developed around this class of
chemistries will serve as an intermediate-term method for reducing PFC emissions. A longer
term solution may use iodofluorocarbon chemistries, which have been shown to achieve
acceptable etch rates, but have other process issues that will lead to a longer process development
time.
Thesis Supervisor: Rafael Reif
Title: Professor of Electrical Engineering and Computer Science
Director, Microsystems Technology Laboratories
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Chapter 1. Introduction
The semiconductor industry is dependent on a class of chemicals known as perflu-
orocompounds (PFCs) for several applications in the manufacturing process.
Because these chemicals are suspected global warming agents, there is concern
over the use and emission of these compounds. This chapter will give an overview
of the applications for which PFCs are used by the semiconductor industry, fol-
lowed by a discussion of the impact that these compounds could have on the envi-
ronment. Finally, the current activities of the semiconductor industry to respond to
the PFC issue will be highlighted.
Section 1.1 Use of Perfluorocompounds in the Semiconductor Industry
The semiconductor industry relies heavily on a set of chemistries known as perfluorocompounds
(PFCs) for wafer patterning and plasma enhanced chemical vapor deposition (PECVD) chamber
cleaning applications. A perfluorocompound is defined as a fully fluorinated molecule, although
compounds with similar chemical and environmental properties, such as CHF3, are commonly
grouped with PFCs. Applications for these chemistries include the removal of dielectric, polysili-
con, and tungsten films in a plasma etch or CVD tool.
Dielectric film processes (the removal of silicon dioxide or silicon nitride) constitute the bulk of
PFC usage in the semiconductor industry. Additionally, the etching of dielectrics relies exclu-
sively on PFCs, while there are other options available for polysilicon or tungsten etching. Table
1.1.1 displays the chemistries currently in use for several dielectric etch processes. 1
Table 1.1.1 PFC Usage in Dielectric Etching Processes
Silicon Dioxide Etching CF 4, SF 6 , NF3 , CHF3, C3F8
Silicon Nitride Etching SF6, NF3, CF4, CHF3
Chamber Cleaning: SiO 2 and SiNx C2F 6, NF3, SF 6 , CF 4, C3F 8
The usage of PFCs by the semiconductor industry is expected to continue to increase as more
complicated back-end processes require more oxide etches and as the industry shifts from a 200
mm toolset to a 300 mm toolset. When compared to PFC emissions from other industries, how-
ever, the contribution from the semiconductor industry seems small. For example, one source
estimates the emissions from the U.S. semiconductor industry to be 230 tons per year, compared
with 6,800 tons per year by the U.S. aluminum smelting industry and 25,000 to 50,000 tons per
year emitted globally.2 The aluminum industry is the biggest source of PFC emissions. 3
1. Throughout the course of this paper, the verb "etch" will be used to describe the removal of film in gen-
eral, and will not be limited to describing processes in etch tools.
A distinction that can be made between the semiconductor industry's emission of PFCs versus
other industries is that PFCs are used and emitted intentionally in semiconductor manufacturing.
In contrast, the aluminum industry produces PFCs when the smelting process is disrupted. This
phenomenon is known as the "anode effect", and occurs when the smelter pots do not contain
enough alumina, causing a chemical reaction whose by-products are CF4 and C2F6.4 Conse-
quently, process optimizations in aluminum smelting can dramatically reduce the emissions of
PFCs without affecting the product, while any change to the plasma etch or chamber clean pro-
cess in the semiconductor industry to reduce emissions could negatively impact the performance
of the product.
Section 1.2 Impact of Perfluorocompounds on the Environment
There is concern over the emission of perfluorocompounds because these chemistries have a long
atmospheric lifetime 5 and are suspected global warming agents. The phenomenon of global
warming is thought to be an amplification of a natural greenhouse effect, which keeps the surface
temperature of the Earth approximately 33 'C warmer than it would be without the presence of
naturally occurring greenhouse gases in the atmosphere. 6 The warming of the Earth's surface is a
result of the trapping of outgoing infrared radiation from the Earth's surface and the subsequent
return of the radiation to the surface by naturally occurring greenhouse gases in the atmosphere.
The emission of global warming gases from industrial sources increases the number of infrared-
absorbing molecules in the atmosphere, and is therefore thought to intensify the natural green-
house effect. Figure 1.2.1 displays a schematic of the process of global warming.
2. L. Marinelli, "Global Warming: A White Paper on the Science, Policies, and Control Technologies that
Impact the U.S. Semiconductor Industry," SEMATECH Technology Transfer Document #93112074A-
TR, March 1994.
3. H. I. Schiff, et al., Measurements of CF4 and C2F6 in the Emissions from Aluminum Smelters (Presented
to the American Waste Management Association, Cincinnati, June 1994).
4. E. Cook, "Why Climate Policy-makers Can't Afford to Overlook Fully Fluorinated Compounds," World
Resources Institute, February 1995, p. 3.
5. Atmospheric lifetime is defined as the time needed for the original amount of the gas to drop to 37% (1/e)
of its original amount in the atmosphere.
6. Intergovernmental Panel on Climate Change, Radiative Forcing of Climate Change - The 1994 Report of
the Scientific Assessment Working Group of the IPCC, p. 7.
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Figure 1.2.1 Greenhouse Effect.
A metric named global warming potential (GWP) has been defined to measure the effect of a par-
ticular species on global warming, relative to some other species (usually chosen to be CO2). The
calculation for GWP is a measure of the cumulative radiative forcing 7 of the molecule over a cho-
sen time that results from a unit mass of the molecule emitted in the present, and is shown in
mathematical terms in Equation 1.2.1, where ai is the instantaneous radiative forcing resulting
T
f aicidt
GWPT = o
Equation 1.2.1
Sacocco2dt
0
from a unit increase in the atmospheric concentration of the trace gas i, ci is the concentration of
trace gas i remaining in the atmosphere at time t after the release of a unit mass at time zero, and t
7. Radiative forcing is defined as the change in the average net radiation at the top of the troposphere due to
a change in solar or infrared radiation.
is the number of years over which the calculation is performed. The global warming potentials
for the commonly used PFCs have been calculated, and the values are shown in Table 1.2.1.
Table 1.2.1 Atmospheric Lifetime and Global Warming Potential for PFCsa
CF4 50,000 6,500
C2F6  10,000 9,200
C3F 8  2,600 7,000
SF6  3,200 23,900
NF3 740 8,100
CHF3 264 11,700
CO2 50-200 1
a. Lifetime and 100 year integrated time horizon GWP data from 1995 Report of Intergovernmen-
tal Panel on Climate Change, except for NF3 (J. Langan, Air Products and Chemicals, "Process
Optimization as a Strategy to Minimize the Environmental Impact of the Gases used in PECVD
Chamber Cleaning," presented at SRC Technology Transfer Course, MIT, December 1995).
Another method for determining the relative impact a process that emits global warming gases
will have on the environment is the MMTCE (million metric tons of carbon equivalent) calcula-
tion. This is a combined measure of the atmospheric lifetime and global warming potential of
each global warming gas released to the atmosphere from a particular process and is calculated
according to Equation 1.2.2, where Qi is the total mass of a given PFC emitted (in kg) and
GWPlooi is the global warming potential of that PFC, calculated over a 100 year time horizon.
_Q x 12 x GWPloo,
XMTixC44 Equation 1.2.2
MMTCE = '
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In 1990, the United Nations formed the Intergovernmental Negotiating Committee for a Frame-
work Convention on Climate Change (INC/FCCC), whose purpose was the development of an
international agreement for stabilizing the emissions of greenhouse gases. At this time, the devel-
oped nations pledged to work toward returning to 1990 emissions levels by the year 2000, and all
signatories of the document (which was ratified in 1993) agreed to meet annually to continue to
discuss international climate change policy.8,9 Recent meetings of the committee have led to a
focus on legally-binding medium-term emissions targets, coupled with continued efforts to define
long-term targets and an understanding that developed nations will be able to rely on trading of
emissions "credits" with developing nations to help to achieve the targets. 10 As a part of the
responsibilities of being a signatory of the document, the United States submits an estimate of its
greenhouse gas emissions to the INC. The estimate includes data for both PFCs and hydrofluoro-
carbons (HFCs), which are PFCs that have one or more fluorine atoms substituted with hydrogen
and are also global warming gases. Table 1.2.2 displays the most recent emissions data released
by the United States for its FCCC report. Although PFCs are emitted in quantifiable amounts, it is
not likely that there will be specific regulations against the emission of PFCs in the near future.
Instead, PFCs will be grouped with other global warming gases for reduction as a group on a
country-by-country basis.1
8. Report of the Conference of the Parties on its First Session, United Nations Framework Convention on
Climate Change, Berlin, Germany, p. 46 (1995).
9. The outcome of the most recent meeting held in December, 1997, in Kyoto, Japan, was to amend this tar-
get to reducing emissions to 5% below 1990 levels by 2008-2012.
10.M. Mocella, "An International Policy Perspective on Climate Change and PFCs," Proceedings of the
SEMI Technical Program: A Partnership for PFC Emissions Reduction, Austin, TX, p. C-3 (October
1997).
11.Kyoto Protocol to the United Nations Framework Convention on Climate Change, United Nations
Framework Convention on Climate Change, p. 3 (1997).
Table 1.2.2 1995 Emissions of HFCs, PFCs, and SF 6ab
HFCs 0.02071
HFC-23 0.00426 264 11,700 13.61
HFC-125 0.00227 33 2,800 1.74
HFC- 134a 0.01086 15 1,300 3.85
HFC-143a 0.00004 48 3,800 0.05
HFC-152a 0.00091 2 140 0.03
HFC-227 0.00186 37 2,900 1.47
HFC-4310 0.00051 17 1,300 0.18
PFCs 0.00410 7.93
CF 4  0.00250 50,000 6,500 4.43
C2F6  0.00057 10,000 9,200 1.42
C4F10 0.00001 2,600 7,000 0.02
C6F14 <0.00001 3,200 7,400 <0.01
PFCs/PFPEsc 0.00102 7,400 2.05
SF6 0.00129 3,200 23,900 8.40
a. Taken from the 1997 U.S. Climate Action Report, Chapter 3, Submitted by the United States of
America under the United Nations Framework Convention on Climate Change, p. 14.
b. The FCCC does not include SF 6 as a PFC because their definition limits PFCs to organic molecules.
For the purposes of this thesis, SF 6 is considered to be a PFC.
c. PFCs/PFPEs are a proxy for many diverse PFCs and perfluoropolyethers (PFPEs) which are begin-
ning to be employed in solvent applications. GWP and lifetime values are based on C6F14 -
20.92
Section 1.3 Industry's Response to the PFC Issue
Although the U.S. semiconductor industry is a relatively small source of global warming gas
emissions worldwide, it has decided to begin work on finding ways to reduce PFC emissions from
manufacturing facilities. To that end, the industry has entered into a voluntary partnership with
the United States Environmental Protection Agency (EPA) by signing a non-binding Memoran-
dum of Understanding (MOU). At this time, most of the major semiconductor manufacturers are
members of this partnership (see Table 1.3.1).
Table 1.3.1 Industry Signatories to the MOUa
AMD American Microsystems, Inc. (AMI)
Burr-Brown Cherry Semiconductor
Digital Equipment Eastman Kodak
Hewlett-Packard Hitachi Semiconductor
Intel IBM
LSI Logic Lucent Technologies (Microelectronics)
Micron Technology Motorola
National Security Agency National Semiconductor
NEC Electronics Philips Electronics (North America)
Rockwell Semiconductor SGS-Thomson Microelectronics
Sony Semiconductor (America) Symbios Logic
Texas Instruments VLSI Technology
a. E. Dutrow, "A Successful Year in the Partnership," Proceedings from the SEMI Technical Pro-
gram: A Partnership for PFC Emissions Reduction, Austin, TX, p. A-i (October 1997).
Companies that signed the Memorandum of Understanding agreed to work toward reducing PFC
emissions from their manufacturing by supporting a two-year research program aimed at identify-
ing alternative processes or methods that could achieve the goal of substantially reduced emis-
sions. At the end of this two-year research period' 2 , the industry partners will meet to determine
whether specific emissions reduction targets can be set. Another component of company partici-
pation in the MOU is the required annual report, which reports company-wide emissions on a
company-blind basis and also tracks yearly emissions relative to the 1995 baseline year.
As a part of the MOU agreement, the EPA pledged to assess the global warming and toxicological
properties of any alternative chemical being examined by the industry. Additionally, the EPA vol-
unteered to serve as a clearinghouse for any non-proprietary solutions developed to reduce PFC
emissions. Finally, they agreed to work toward the establishment of similar agreements to the
MOU on an international scale. 13
As a result of research performed by MOU companies as well as universities, four methods for
reducing PFC emissions from semiconductor facilities have been identified: process optimization,
abatement of PFCs, recovery/recycle of PFCs, and alternative chemistries to PFCs. In the two
years since the MOU was signed, most semiconductor equipment manufacturers have worked on
optimizing their PFC processes for lower emissions without sacrificing process performance. 14
Technology for PFC abatement and recovery/recycle is available, although it is relatively
new.
15
,16
The project that includes the research done for this thesis has become a focal point for evaluation
of alternative chemistries for wafer patterning and PECVD chamber cleaning. Collaborations
have been developed with gas suppliers (Air Products and Chemicals and 3M), equipment manu-
facturers (Novellus Systems and Applied Materials), and semiconductor manufacturers (Motor-
12.Mid-1998 for most companies.
13.US EPA, "PFC Emission Reduction Partnership for the Semiconductor Industry," Memorandum of
Understanding (MOU) announced on June 4, 1996.
14.K. Aitchison, "Combined Approaches to Zero-Emitting Processes," Proceedings from the SEMI Techni-
cal Program: PFC Technical Update, p. B4 (July 1997).
15.V. Mohindra, H. Chae, H. Sawin, M. Mocella, "Abatement of Perfluorocompounds in a Microwave Tubu-
lar Reactor using 02 as an Additive Gas," IEEE Transactions on Semiconductor Manufacturing, Vol. 10,
No. 3, pp. 399-411 (August 1997).
16.W. Carson, K. Christian, E. Crossland, T. Hsiung, R. Ridgeway, J. Yang,"Large Scale PFC Capture Sys-
tem," Proceedings of the SEMI Technical Program: A Partnership for PFC Emissions Reduction, pp. I1-
16 (October 1997).
ola), to ensure that any solution developed through this project can be adapted for large-scale
manufacturing as quickly as possible. Additionally, affiliation with organizations such as the
NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufactur-
ing and SEMATECH aids in disseminating new research advances in alternative chemistries to the
target group of people in a relatively short timeframe.
Chapter 2. Analytical Techniques
The goal of this research is to develop plasma processes using non-PFC chemis-
tries that have low emissions of PFCs in the process waste stream. Therefore,
quantification of the species present in the process effluent to ensure that few PFCs
are formed in the plasma is an important component of the work. Additionally, a
method to determine the endpoint of processes is necessary to calculate etch rates
and to perform process optimization. This chapter will give an overview of each of
the analytical methods used during the course of the research. Fourier Transform
Infrared (FTIR) spectroscopy and Quadrupole Mass Spectroscopy (QMS) enabled
the quantification of the composition of the effluent from the processes. Optical
Emission Spectroscopy (OES) allowed for the determination of the endpoint of a
chamber clean process in-situ and served as a method for determining the compo-
sition of the plasma. Optical Emission Interferometry (OEI) served as an in-situ
endpoint detector for etch processes.
Section 2.1 Fourier Transform Infrared Spectroscopy
One of the principal methods used to determine the composition of the plasma process effluent
during the course of this research is Fourier Transform Infrared (FTIR) spectroscopy. The FTIR
instrument was connected to the process exhaust after all of the pumps, and the sampling was per-
formed at atmospheric pressure just before the effluent was released to the stack. This setup pro-
vided the most accurate picture possible of the chemical makeup of the process waste stream
being released to the atmosphere.
Most molecules absorb energy in the mid-infrared range of the spectrum due to the fact that the
allowed vibrational/rotational energy level spacings in their structure corresponds to the energy of
photons in the mid-infrared range. 17 The energy of these photons can be described mathemati-
cally by E = hc, where h is Planck's constant, c is the speed of light in a vacuum, and X is the
wavelength of the incident light. The convention in FTIR spectroscopy is to describe spectral
ranges of interest using wavenumbers, i, which can be defined as ; = 1. The mid-infrared
spectrum corresponds to wavenumbers between 400 and 5000 cm -1.
The FTIR instrument records the response (infrared power) versus the position of a moving ele-
ment responsible for the amplitude modulation of the incident radiation in an interferogram. The
software then demodulates the interferogram by performing a fast Fourier transform on it, produc-
ing a single beam spectrum (which represents the infrared power over the entire wavenumber
range for a given sample). Two spectra are needed to complete the calculations performed: a sin-
gle beam spectrum for the sample of interest and a background spectrum that is taken in the pres-
ence of a non-absorbing gas (nitrogen, for this project). 18 The infrared power transmitted by the
sample at each wavenumber is then calculated by dividing the value of the power of the sample
17."Protocol for Extractive Fourier Transform Infrared Spectrometric Measurements of Fluorinated Com-
pounds in Semiconductor Plasma Tool Effluent Gases," National Institute of Standards and Technology,
p. 12 (September 1996).
18.Homonuclear diatomic gases (e.g. N2 , 0 2 , and F2) do not absorb in the mid-infrared range.
spectra at each wavenumber by the value of the power for the background at each wavenumber. It
is common in FTIR spectroscopy to express data in terms of absorbance rather than transmittance.
The absorbance at a particular wavenumber, Ai, can be calculated by taking the negative loga-
rithm of the transmittance, Ti.
The result of interest in FTIR spectroscopy, the concentration of a particular molecule in the sam-
ple, is obtained by applying an equation known as Beer's Law, which relates absorbance linearly
to concentration. Beer's Law is expressed in Equation 2.1.1.19 The FTIR spectroscopy software
M Equation 2.1.1
A i = aijLC
j=1
where
i = each wavenumber value in the spectrum
j = each absorbing compound in the mixture
M = number of absorbing compounds in the mixture
aij = absorptivity of the jth compound at the ith wavenumber
L = absorption pathlength (length of interaction of radiation and sample
Cj = volumetric concentration of the jth compound in the mixture
uses this relation in combination with a reference spectrum of each species to be looked for in the
sample to produce data giving the concentration of each species present in the sample.
FTIR spectroscopy is useful for quantifying most of the species of interest in process effluents
encountered in this research. Its particular strength over the other method used, quadrupole mass
spectroscopy, lies in its ability to distinguish clearly among the PFCs (CF 4, C2F6, C3F8, etc.) that
all crack at mass 69 (CF 2+) in mass spectroscopy. However, its inability to detect homonuclear
diatomics, particularly F2, makes it impossible to use FTIR spectroscopy alone to perform a mass
balance on any alternative process developed.
19."Protocol for Extractive Fourier Transform Infrared Spectrometric Measurements of Fluorinated Com-
pounds in Semiconductor Plasma Tool Effluent Gases," op. cit., p. 13.
Section 2.2 Quadrupole Mass Spectroscopy
In much of the characterization performed on process effluents during the course of the research,
a quadrupole mass spectrometer (QMS) was connected in parallel with an FTIR instrument. Hav-
ing both tools perform the analysis in parallel allowed for detection of homonuclear diatomics by
the QMS as well as data validation by having two fundamentally different instruments analyze the
same process stream.
A QMS operates by ionizing the sample, and then using an electron multiplier to detect ions of a
specific mass that have been separated from the others in the sample based on their mass to charge
ratio. The QMS consists of four parallel rods whose opposites are connected electrically. An
oscillating field is established by applying a voltage to the rods with both a DC component and a
radio frequency (rf) component. When a positive ion enters this field, it will oscillate between
adjacent electrodes, which have opposite polarity.20 Ions with different mass to charge ratios
experience different oscillation amplitudes, and are therefore collected on the electrodes at differ-
ent locations, providing mass separation.
Daily calibrations using a calibration standard with a known concentration are necessary when
performing QMS analysis. The QMS output is formatted as a signal intensity for each mass value
in the spectrum. In order to calculate a concentration of a particular species, the calculated signal
intensity must be compared with the calibrated signal intensity for a known concentration from
that day.
One drawback to using QMS to analyze process effluents containing PFCs is the difficulty of
deconvoluting data collected at 69 atomic mass units, which corresponds to the CF2+ ion. Many
species of interest, including CF4, C2F6, C3F8 , and TFAA, have cracking patterns that include
mass 69. When only two of these compounds are present in the sample, it is relatively straightfor-
ward to ratio the contributions to mass 69 using the intensity of another peak unique to that com-
20. W. McFadden, Techniques of Combined Gas Chromatography/Mass Spectrometry: Applications in
Organic Analysis, (New York: John Wiley and Sons, 1973), p. 51.
pound (e.g. mass 119, C2F5+, for C2F6) and the known ratio of intensity of that peak to mass 69
from the calibration standard. However, when a third compound is added to the contribution to
mass 69, the complexity of the deconvolution increases substantially, and the error introduced by
using the ratio method also increases. For this reason, when there are many species thought to be
present in the sample that crack at mass 69, FTIR spectroscopy data is used to quantify the con-
centration of the individual compounds.
Section 2.3 Optical Emission Spectroscopy
Optical emission spectroscopy serves as a method for identifying the molecular components of a
plasma process while the plasma is lit. A fiber optic cable passes light emitted from the plasma to
a detector in the instrument, and the chemical components of the plasma can be identified by
matching the wavelengths of light detected with the wavelengths associated with the relaxation of
excited species present in the plasma. OES data does not completely characterize the plasma
since only approximately five percent of the plasma is made up of excited species (the rest being
ions, electrons, atoms, and stable neutrals), but it generally provides a representative picture of the
nature of the plasma.2 1
Optical emission spectra differ depending on whether they come from individual atoms or mole-
cules. Atoms have distinct energy levels associated with them, and therefore relaxation from an
excited state emits a photon with a well-defined wavelength. Therefore, spectra associated with
atoms have very sharp emission lines at distinct wavelengths. In contrast, molecules have a range
of allowable energy levels from which photon emission or absorption can occur, causing spectra
associated with molecules to be spread over several wavelengths of light.
OES was used during this research project for in-situ endpoint detection for PECVD chamber
cleans. Before a chamber clean begins, the chamber is coated with the film that it has been depos-
21.G. Selwyn, Optical Diagnostic Techniques for Plasma Processing, (New York: The Education Commit-
tee of the American Vacuum Society, 1993), p. 28.
iting (SiO 2 in this case). During a chamber clean, fluorine is introduced to the chamber in some
form, resulting in the breakdown of SiO 2 into SiF 4, which is volatile. When there is no SiO2
remaining for the fluorine to react with, the fluorine level stabilizes in the plasma, signaling end-
point. The OES is therefore set to monitor fluorine emission at a wavelength of 703.7 nm, and the
endpoint can be accurately determined. A sample OES fluorine trace is shown in Figure 2.3.1.
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Figure 2.3.1 Example of optical emission trace of fluorine at 703.7 nm
to determine chamber clean endpoint.
Section 2.4 Optical Emission Interferometry
Optical emission interferometry is a technique that enables measurement of the etch rate of a thin
film in-situ. Its application to this research was in determining the appropriate time to end an etch
process on a known thickness of dielectric film on a wafer. Interferometry is a method that mea-
sures the thickness of a transparent film using the phase difference of two coherent waves that
have traveled through the film.22
The interferometer used in this work employed the light from the plasma itself as its light source.
A plasma is not a coherent light source; therefore, the viewing angle and the CCD pixel size in the
instrument define a small conic section in the plasma as the light source, and each photon in this
22.Low Entropy Systems, Full Wafer Imaging Interferometer Manual, Boston, 1995, p. 10.
small section interferes with itself as it travels both paths to the sensor, causing interferometric
modulation. 23
The thin film being measured changes thickness during the etch process, changing the optical
pathlength of the waves traveling through the film. The etch rate depends on the signal modula-
tion period (T), the wavelength of incident light (X), the viewing angle (0), and the index of refrac-
tion of the thin film (n). Figure 2.4.1 shows a schematic of the process and the actual equation
used to calculate the etch rate.24
, 1Rate =
2 n cos(0) T
10
Figure 2.4.1 Etch rate calculation from
interferometry data.
23.Ibid., p. 12.
24.Handbook of Thin Film Technology, ed. L. Maissel and R. Glang, (New York: McGraw-Hill, 1970), p. 11-
9.
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Chapter 3. Etch Viability Studies
The first step in determining whether an alternative chemistry is a promising can-
didate to replace PFC processes is to perform viability tests to determine the chem-
istry's etch rate relative to a baseline process. Etch viability testing on a number of
the candidates (primarily hydrofluorocarbons) was performed as a part of other
students' thesis research in 1995 and early 1996. The work presented in this chap-
ter includes viability testing performed after September 1996 as a part of the
research for this Master's thesis. The alternatives tested were trifluoroacetic anhy-
dride (TFAA), as well as a number of candidates from the iodofluorocarbon (IFC)
family of chemistries.
Section 3.1 Introduction
The first step in the identification of an alternative process to those utilizing PFC source gases for
plasma etching was an exhaustive literature search of the potential chemistries and any research
that might have been previously performed with non-perfluorocompound chemistries in the area
of plasma etching. The survey found that a limited amount of work had been published about the
use of non-perfluorocompound chemistries to etch dielectrics, but no candidate that was accept-
able to the semiconductor industry had been identified.25
There were several criteria set for deciding whether or not a chemical would be considered for
further testing. First, any alternate chemistry would need to contain fluorine in order to effect the
removal of the dielectric thin film. In general, other halogens (chlorine, bromine, and iodine) do
not etch dielectrics. Additionally, many process chambers in which dielectric etching takes place
are made of unanodized aluminum, which would be attacked by a species such as chlorine.
Chemistries to be evaluated further would also need to have low atmospheric stability, meaning
that they do not cause ozone depletion and do not have high global warming potentials. 26 The
health effects possible from the use of any alternative were also a consideration. For this reason,
any strongly mutagenic, teratogenic, or carcinogenic chemistries were not chosen for viability
testing. Finally, handling and ease of use were criteria used in the selection; however, chemicals
that were marginally difficult to use or to handle were not automatically excluded from the list of
candidates.
The initial list of candidates that were selected for further evaluation is shown in Table 3.1.1.
Three families of chemistries were selected for evaluation: hydrofluorocarbons (HFCs), iodofluo-
rocarbons (IFCs), and unsaturated fluorocarbons. Hydrofluorocarbon chemistries, in which one
or more fluorine atoms from the original PFC molecule is substituted with a hydrogen atom, are
the most like perfluorocompound chemistries. Their performance, therefore, was expected to be a
25.B. Tao, Non-Perfluorocompound Chemistries for Plasma Etching of Dielectrics, Master's Thesis, Massa-
chusetts Institute of Technology, June 1996, p. 47.
26.Some chemistries with appreciable global warming potentials were chosen for evaluation because it was
thought that they would have a high destruction efficiency in the plasma or could serve as incremental
improvements for reducing global warming emissions.
Table 3.1.1 Initial List of Candidate Chemistries
CF2H 2 difluoro-
methane
CF 3I iodotriflouro-
methane
C2F 4 CF2=CF2 tetrafluoroet-
hylene
C 2F5 H CF 3-CF2H pentaflu- C 2F5I CF3-CF 2I iodopentafluo- C 3F 6  CF 3- hexafluoro-
oro-ethane roethane CF=CF 2  propylene
C 2F 4H2  CF2H- tetrafluoro- C 2F412  CF 2I-CF 2I diiodotetraflu- C4F 6  CF3- hexafluoro-
CF 2H ethane oroethane C=C-CF 3  2-butyne
CF3-CFH, CF 3-CFI 2  CF2=CF- hexafluoro-
CF=CF 2  1,3-butadi-
ene
C 3F 7H CF 2H- heptafluo- C 3F7I CF2I-CF 2- iodoheptafluo- CF2- hexafluoro-
CF 2-CF 3  ropropane CF3  ropropane CF2- cyclobutene
CF=CF-
CF 3-CFH- CF 3-CFI- C 4F8  CF 3-CF- octafluoro-2-
CF 3  CF3  CF-CF 3  butene
C 2 F 3H CF2=CFH trifluoro- C2F 3I CF 2=CFI iodotrifluoro-
ethylene ethylene
close match to the performance of PFC chemistries in etch processes. Each of the hydrofluorocar-
bon chemistries that is listed possesses a global warming potential that is lower than its PFC
derivative, but is still appreciable. For this reason, alternative processes developed using HFCs
will be considered to be intermediate-term solutions only. Iodofluorocarbons, on the other hand,
have short lifetimes because they are believed to photolyze readily in the atmosphere. Even
though they are volatile in the atmosphere, IFCs are relatively safe and easy to handle in a semi-
conductor manufacturing environment. The unknown factor in the evaluation of these compounds
is how, if at all, the presence of iodine in the molecule affects the process performance. Unsatur-
ated fluorocarbons are also short-lived in the atmosphere because of the instability of their double
bonds, but their process performance is unknown.
The list of potential alternatives has evolved since it was initially drafted. As more information
became available about new compounds or compounds that were scheduled to be evaluated, the
list of candidates was changed accordingly. Trifluoroacetic anhydride, a chemical produced by
Schumacher Corporation, was added to the list of compounds to be evaluated because of consider-
able industrial interest in the compound. The unsaturated fluorocarbons have been removed from
consideration (for the time being) because of concern about their volatility, which might produce
safety and handling problems within a manufacturing environment.
Candidates chosen as potential alternatives were moved to the etch viability phase of the project.
All etch viability testing was performed in a Mark II chamber on an Applied Materials Precision
5000 low density plasma etch tool housed in the Integrated Circuits Laboratory (ICL) of the
Microsystems Technology Laboratories. A decision was made to do all testing in a commercially
available tool in order to facilitate the transfer of alternative processes to industry and to have a
PFC process baseline for comparison to the alternatives that is reasonably close to the conditions
used for PFC processes in the industry. Optical emission interferometry was used to determine
the etch rate of the alternative processes.
The first group of alternatives to undergo etch viability testing was the family of HFC chemistries.
This work was completed in the spring of 1996, and the results were, for the most part, promis-
ing.27 The following sections describe etch viability testing that was performed for other candi-
dates: trifluoroacetic anhydride and the iodofluorocarbon family of chemistries.
Section 3.2 Trifluoroacetic Anhydride
TFAA is a recently proposed alternative to hexafluoroethane for dielectric PECVD chamber
clean. Because it is known to hydrolyze readily, its atmospheric persistence is negligible. 28 Some
studies using TFAA in dielectric chamber clean applications have already been carried out.29 To
the author's knowledge, TFAA has not previously been tested in a dielectric film etch application
in a wafer patterning tool.
EXPERIMENT
The etch performance of TFAA was evaluated using unpatterned blanket films of thermal Si0 2
and LPCVD (low pressure chemical vapor deposition) Si 3N4 , both grown on 100 mm p-type (6-
12 ~-cm resistivity) (100) silicon substrates. The oxide films were at least 6900 A thick, whereas
the nitride films were at least 5000 A thick. The process tool used was an Applied Materials Pre-
cision 5000 magnetically enhanced reactive ion etch tool housed at the Integrated Circuits Labo-
ratory at MIT. TFAA was provided by Schumacher, Carlsbad, CA, and was 99+% pure.
Octafluoropropane (C3F8) was chosen as the PFC baseline process for evaluation of the relative
performance of TFAA. Although not widely used as a source gas for wafer patterning in low den-
sity plasma applications, preliminary work with C3F8 suggested that it was more efficient at etch-
ing than other PFCs.30 C3F8 therefore seemed to be a higher standard for comparison in etch
performance than C2F6 or CF 4. Additionally, the choice of this gas as a baseline process offered
27.S. Karecki, Alternative Chemistries for Etching of Silicon Dioxide and Silicon Nitride, Master's Thesis,
Massachusetts Institute of Technology, September 1996, Chapter 5.
28.S. Soggs, B. Bryant, B.A. Boeck, S. Rogers, R. Vrtis, L. Mendicino, "Trifluoroacetic Anhydride as an
Alternative Plasma Clean Chemistry," Proceedings of the SEMI Technical Program: A Partnership for
PFC Emissions Reduction, Austin, TX, p. 72 (October 1996).
29.Ibid., p. 71.
30.Personal communication, Clark Stone, Novellus Systems, April 1995.
the chance to contribute to the general understanding of the performance of C3F8 since there was
very little in the literature characterizing the performance of C3F8 as an etch gas for dielectrics.
The C3F8 used was donated by 3M Specialty Chemicals, and was assayed at 99+% purity.
TFAA was evaluated using a 39-experiment, four variable central composite design (CCD) matrix
which was used in conjunction with NNAPER, neural network-based data analysis software
developed by DuPont. The parameter space of the matrix was defined by: 35-150 mTorr chamber
pressure, 0-100 Gauss magnetic field, 10-40 sccm etch gas flow, and 0-40 sccm oxygen flow. Rf
power (13.56 MHz) was fixed at 600 W. The experimental matrix was run twice, once for SiO 2
substrates, once for Si 3N4 substrates.
The same matrix was used with octafluoropropane, again twice - with both oxide and nitride sub-
strates. Optical emission interferometry (OEI), a technique which uses a charge coupled device
camera overlooking the wafer in the etch chamber to measure film etch rates in-situ, was
employed to measure the oxide or nitride etch rates on each run. All etch rate data generated by
the NNAPER models is based on average etch rates calculated from OEI data.
RESULTS AND DISCUSSION
Generally speaking, TFAA was found to exhibit trends which were very similar to those seen in
octafluoropropane with both oxide and nitride substrates. In the case of silicon nitride, not only
the trends, but also the etch rates of the two gases were remarkably similar in nearly all regions of
the parameter space explored. Figure 3.2.1 shows a typical cross-section of the four-dimensional
model generated by the NNAPER software. Other cross-sections convey the same pattern: the
modeled etch rates of the two gases are nearly the same at virtually all process conditions. One
significant exception to this pattern occurs at low etch gas flows and high oxygen flows, where
TFAA nitride etch rates are significantly lower than C3F8 nitride etch rates (see Figure 3.2.2). For
instance, at the 93 mTorr, 50 Gauss, 10 sccm etch gas flow, and 40 sccm 02 flow condition, the
modeled C3F8 etch rate is 2760 A/min, while the TFAA etch rate is only 1360 A/min.
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Figure 3.2.1 Modeled nitride etch rates of TFAA and C3F8 versus pressure at
low and high magnetic fields. Other variables are held constant at their center
point values.
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Figure 3.2.2 Modeled nitride etch rates of TFAA and C3F8 versus 02 at low and
high etch gas flow rates. Other variables are held constant at their center point
values.
In general, nitride etch rate in both gases increases monotonically with increasing pressure and
increasing magnetic field under all conditions. Increasing oxygen flow has the effect of improv-
ing TFAA nitride etch rate at all conditions, except at low etch gas flows (see Figure 3.2.2), where
the addition of oxygen beyond a certain point actually causes a decrease in etch rate. This fold-
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Figure 3.2.3 Modeled oxide etch rates of TFAA and C3F8 versus
pressure at low and high magnetic fields. Other variables are held
constant at their center point values.
over point occurs at approximately 15 sccm at 10 sccm TFAA flow (at 93 mTorr, 50 Gauss) and
appears to move to higher values of oxygen flow as TFAA flow increases. Increasing oxygen
flow in a C3F8 plasma also generally tends to increase nitride etch rate, except in low pressure
regimes, where the etch rate appears to be relatively insensitive, and again in low C3F 8 flow
regimes (Figure 3.2.2), where the etch rate increases with oxygen addition at low oxygen flows,
but decreases at higher oxygen flows. At 10 sccm C3F8 flow (at 93 mTorr, 50 Gauss), the model
predicts the fold-over point to occur around 35 sccm of oxygen flow. Increasing etch gas flow
rate also has a generally positive effect on nitride etch rate in both gases. However, at high pres-
sures as well as at high magnetic fields, the etch rate in C3F 8 becomes insensitive to etch gas flow.
At low oxygen flows, the nitride etch rate in both gases also appears to be insensitive to etch gas
flow rate.
In the silicon dioxide case, the two gases still exhibited very similar trends, but throughout the
parameter space studied, oxide etch rates in TFAA were lower than those in C3F8 , typically by a
few hundred A/min. Figure 3.2.3 and Figure 3.2.4 show typical cross-sections of the modeled
responses for both gases. As in the nitride case, increasing pressure, as well as magnetic field has
a positive effect on etch rate in both gases in this parameter space. Increasing etch gas flow also
increases oxide etch rate in both gases. The dependence on oxygen flow, however, is quite differ-
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Figure 3.2.4 Modeled oxide etch rates of TFAA and C3F8 versus 02 flow at low
and high etch gas flow rates. Other variables are held constant at their center point
values.
ent than that in the nitride case. With C3F8 as the etch gas, the addition of oxygen appears to have
no beneficial effect on oxide etching: oxide etch rate has a negative dependence on oxygen flow
rate throughout the parameter space explored. With TFAA, this is still the general trend, although
this dependence tends to be less pronounced than with C3F8 ; moreover, there exist regimes (at
high pressures, and also at high TFAA flows) where the TFAA oxide etch rate appears to become
insensitive to oxygen flow (see Figure 3.2.4).
Additional figures showing the etch rate of TFAA as a function of oxygen flow rate,
etch gas flow rate, pressure, and magnetic field can be found in Appendix A.
Iodotrifluoromethane, lodopentafluoroethane, and 2-lodohep-
tafluoropropane
Iodofluorocarbon species are attractive as potential alternatives to PFCs from an environmental
standpoint because they are believed to be very short-lived in the atmosphere. Studies on iodotri-
fluoromethane have found that this compound has an estimated atmospheric lifetime of approxi-
mately two days and a twenty year integrated time horizon global warming potential of only
five. 31 By comparison, the corresponding twenty year integrated time horizon global warming
potential figures for CF 4, CF 3C1, CF 3Br, and CF 3H are 4100, 8100, 6200, and 9200, respec-
tively.32 Other iodofluorocarbons are expected to have similarly small global warming potentials.
When iodine is present in the stratosphere, it does have the potential, like bromine and chlorine, to
destroy ozone. However, in contrast to chloro- and bromofluorocarbons, iodofluorocarbons have
such short atmospheric lifetimes that their capacity to damage the ozone layer is thought to be
negligible. CF 3I has been investigated for a silicon trench etch in combination with SF6 in an
experimental application. 33 To the author's knowledge, iodopentafluoroethane and 2-iodohep-
tafluoropropane have not been previously tested in a dielectric etch process. CF 3I (99+% pure)
and C2F5I (98+% pure) were supplied by Oakwood Products, Inc., West Columbia, SC, and the 2-
iodoheptafluoropropane (99+% pure) was supplied by PCR, Inc., Gainesville, FL.
EXPERIMENT
Preliminary tests were carried out with the three iodofluorocarbon gases on silicon dioxide and
silicon nitride substrates. Early work with iodofluorocarbon gases indicated that there might be a
significant problem with deposition of iodine in the process chamber, especially in the presence of
oxygen. 34 For this reason, a central composite designed experiment was not run initially for the
etch viability testing of the iodofluorocarbons. Instead the center point of the test matrix used for
31.S. Solomon, J. Burkholder, A. Ravishankara, and R. Garcia, "Ozone Depletion and Global Warming
Potential of CF 3I," Journal of Geophysical Research 99 (D10), 20929-20935 (1994).
32.Intergovernmental Panel on Climate Change, op. cit., 1994.
33.V. Bliznetsov, O. Gutshin, V. Yachmenev, "Reactive Ion Etching of Deep Trenches in Silicon," Proceed-
ings of SPIE International Conference of Microelectronics 1783, 584-589 (1992).
34.Karecki, S. Personal Communication from work at Novellus Systems, 1996.
Section 3.3
TFAA was used as the test point for oxide and nitride films, minus the oxygen. For each gas, two
oxide substrates, two nitride substrates, and one blank Si wafer were etched. The following
sequence of experimental runs was used: 1.) 15 min. oxygen plasma chamber clean 35, 2.) 180 s
oxide substrate etch, 3.) 180 s nitride substrate etch, 4.) 300 s blank Si substrate etch, 5.) 180 s
nitride substrate etch, and 6.) 180 s oxide substrate etch. The etch recipe used for all runs was: 50
Gauss magnetic field, 93 mTorr pressure, 600 W rf power, 0 sccm oxygen flow, and 25 sccm IFC
etch gas flow. Thus, for each gas, the chamber was subjected to an IFC plasma for a total of 17
min. After each experimental sequence, the chamber was opened and examined for residue. It
was then subjected to a wet methanol clean, followed by a plasma clean 36, and again opened and
examined for residue. During each run, etch rate was again measured in-situ using optical emis-
sion interferometry (OEI). In the case of those data points where no OEI etch rate data was avail-
able, etch rates were determined by Nanospeco measurement. Finally, each of the three blank Si
wafers used during these experimental sequences was analyzed using Auger electron spectros-
copy (AES). A Physical Electronics Model 660 scanning Auger spectrometer was used. All
samples were analyzed in an area mode (100 x 100 mm) at 10 nA of electron beam current, using
an electron beam voltage of 10 kV. All AES measurements were taken near the primary flat loca-
tion of the wafer.
RESULTS AND DISCUSSION
Oxide and nitride etch behavior in an iodofluorocarbon plasma differed significantly as a function
of the identity of the etch gas. All three IFCs were found to etch oxide readily under the process
parameters used in these tests. As Figure 3.3.1 shows, the oxide etch rate was found to increase as
one moved from iodotrifluoromethane to pentafluoroethane to 2-iodoheptafluoropropane. For
iodotrifluoromethane, the average etch rate was found to be 1162 A/min on the first wafer in the
experimental sequence and 1216 A/min on the second wafer in the experimental sequence. In the
case of iodopentafluoroethane, the etch rates were 1690 A/min and 1710 A/min, respectively; in
the case of 2-iodoheptafluoropropane the rates were 1772 A/min and 1806 A/min, respectively. A
35.Oxygen clean: t=15 min. at 0 Gauss, 200 mTorr, 750 W, 60 sccm 02, 5 sccm CF 4 .
36.Clean sequence consisted of 15 min. H2 plasma (50 Gauss, 93 mTorr, 600 W, 20 sccm H2 ) followed by a
15 min. 02 clean (0 Gauss, 200 mTorr, 750 W, 60 sccm 02, 5 sccm CF4 ).
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Figure 3.3.1 Oxide etch rates for all gases at 93 mTorr, 50 Gauss, 25 sccm
etch gas flow, and 0 sccm etch gas flow. All IFC etch rates shown are wafer
averages taken from the second oxide wafer etched with each of those gases.
chamber "seasoning" effect seemed to be present. That is, the second oxide wafer in each
sequence consistently exhibited higher etch rates than the first. For comparison, Figure 3.3.1 also
shows TFAA and C3F8 oxide etch rates at the same process conditions.
The nitride substrates, on the other hand, were found to exhibit entirely opposite trends as a func-
tion of etch gas identity. In the CF 3I case, the nitride films etched faster than oxide films - average
etch rates of 1876 A/min on the first wafer and 1868 A/min on the second wafer were seen. As
one moved toward longer-chain compounds, however, the nitride etch rate decreased. In the case
of iodopentafluoroethane, the etch process exhibited a high degree of radial nonuniformity: etch
rates measured at locations near the primary flat were 1315 A/min on the first wafer and 1454 A
min on the second wafer, while rates measured in the center of the wafer were only 263 A/min and
412 A/min, respectively. OEI data indicates that, at locations near the edge of the wafer, etching
proceeded at a roughly constant rate throughout the 180 s during which the substrate was exposed
to the C2F5I plasma. However, in the center of the wafer, all of the etching appeared to occur in
an initial 30-60 s period; after this phase, etching appeared to be suppressed, presumably by a
competing process of film formation. No average etch rates for these wafers were calculated
because no OEI data was available for the region of slow etching in the center of the wafers.
Finally, when nitride substrates were exposed to a 2-iodoheptafluoropropane plasma, virtually no
etching was found to occur. The nitride films were found to etch at a noticeable rate only in a nar-
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Figure 3.3.2 Nitride etch rates for all gases at 93 mTorr, 50 Gauss, 25 sccm etch gas flow,
and 0 sccm etch gas flow. The CF3I etch rate shown is a wafer average taken from the
second nitride wafer etched in CF3I; the C2F5 I and CF 3-CFI-CF3 rates were taken at the
primary flat location on the second nitride wafers etched with each of those gases.
row (-2 mm) ring at the very edge of the wafer. The etch rates measured at locations near the pri-
mary flat were 31 A/min and 63 A/min (first and second wafer, respectively); in the center
locations of the two wafers, net deposition of film was detected. Figure 3.3.2 compares the nitride
etch performance of the three IFCs with C3F 8 and TFAA.
The three gases were also found to exhibit very different behavior in terms of residue deposition
in the chamber. After the sequence of experiments for each gas (a total of 17 min. of IFC plasma
rf on time) was completed, the chamber was opened and examined. The amount of residue depo-
sition was found to increase with the length of the carbon chain in the IFC molecule. 2-iodohep-
tafluoropropane was found to produce significant amounts of residue in the chamber;
pentafluoroethane was also observed to generate some residue, though noticeably less than the
three-carbon compound; no deposits, on the other hand, were observed in the chamber after the
iodotrifluoromethane runs. The runs in which blank Si wafers were exposed to an IFC plasma for
300 s confirmed these trends. A thick deposit visible to the naked eye was found on the wafer
exposed to 2-iodoheptafluoropropane; a thin film was found on that exposed to iodopentafluoroet-
hane; however, almost no film was found on the wafer exposed to iodotrifluoromethane. Not sur-
prisingly, AES data taken from the surface layers of all three of these blank Si substrates indicated
the presence of carbon and fluorine, suggesting that IFC chemistries deposit a fluoropolymer
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Figure 3.3.3 Smoothed and differentiated Auger signal: blank silicon wafers
exposed to C2FI5 and CF3I plasmas.
layer similar to those deposited by more standard fluorocarbon chemistries. As a reference, a
thermal SiO2 wafer that had been exposed to a CF4 plasma was also examined using AES. A flu-
orocarbon layer containing carbon and fluorine in an approximate ratio of 5.2 : 1 was found on the
surface of this wafer. (By comparison, the approximate C:F ratios of the films found on the sub-
strates exposed to IFC plasmas were: 10.1 : 1 for CF 3I, 6.0 : 1 for C2F5I, and 4.2 : 1 for CF 3-CFI-
CF3. Whereas these numbers are to be taken only as estimates based on instrumental sensitivity
factors, one can make the observation that shorter-chain IFCs had a tendency to deposit more car-
bon-rich films at the process conditions which were used.) The H2/O 2 plasma clean employed
after each sequence was found to be effective in removing residue from the chamber.
In addition to the presence of carbon and fluorine in the deposited films, some iodine was also
detected in the films from C2F5I and CF 3-CFI-CF3 runs. Figure 3.3.3 shows AES data indicating
the presence of the dominant MNN iodine peak in the film from the wafer exposed to the C2F5I
plasma. AES data for the film from the CF3-CFI-CF 3 run is similar.
Quantification of the amount of iodine present in the films was difficult because the dominant
iodine peak (a double peak at energies of approximately 511 and 520 eV) partially overlaps with
the dominant KLL oxygen peak centered around approximately 505 eV. (The origin of the oxy-
gen peak is believed to be a thin native oxide layer present on the wafers.) An estimate was made,
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Figure 3.3.4 Smoothed and differentiated Auger signal: oxide wafer
however, which placed the iodine content in the fluoropolymer films deposited by C2F5I and CF3-
CFI-CF3 at approximately 5-7 at. %. In contrast to these results, the presence of iodine in the film
left by the CF 3I plasma could not be confirmed by AES. However, the possibility that iodine was
in fact present on this wafer as well cannot be excluded entirely because of the possibility that its
peak was masked by the nearby oxygen signature. On the other hand, since the net amount of film
deposition by CF 3I at the conditions tested was very low (the film thickness was below the detec-
tion limits of a Nanospec® instrument), even if iodine was present in the film, its quantities would
have been very small. A comparison of the CF 3I AES data (Figure 3.3.3) with data taken from the
wafer exposed to CF4 only and no iodine-containing species (see Figure 3.3.4) indicates no dis-
cernible trace of iodine in the film deposited by CF 3I.
Section 3.4 1-lodoheptafluoropropane and lodotrifluoroethylene
This section discusses the results of experiments carried out in the same Applied Materials P5000
etch tool using the same types of substrates described in Section 3.3 with two other members of
the IFC family: iodotrifluoroethylene (C2F 3I), and 1-iodoheptafluoropropane (CF 2I-CF2-CF3).
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As was the case for the earlier IFC experiments and the C3F8 baseline experiments, all films were
grown on 100 mm p-type (100) silicon substrates (6-12 i-cm resistivity). The oxide films were at
least 6900 A thick, whereas the nitride films were at least 5000 A thick. The iodotrifluoroethyl-
ene was assayed at 98.8% pure, while the 1-iodoheptafluoropropane was assayed at 99% pure.
Both gases were supplied by PCR, Inc., Gainesville, FL.
EXPERIMENT
In the case of 1-iodoheptafluoropropane, the following experimental sequence, involving two sili-
con dioxide substrates, two silicon nitride substrates, and one blank silicon wafer, was used: 1.) 15
min. oxygen plasma chamber clean (t=15 min. at 0 Gauss, 200 mTorr, 750 W, 60 sccm 02, 5 sccm
CF4.), 2.) 180 s oxide substrate etch, 3.) 180 s nitride substrate etch, 4.) 300 s blank Si substrate
etch, 5.) 180 s nitride substrate etch, and 6.) 180 s oxide substrate etch. The etch recipe used for
all runs was the following: 50 Gauss magnetic field, 93 mTorr pressure, 600 W rf power, and 25
sccm IFC etch gas flow. These conditions were the same as those under which the earlier experi-
ments involving CF 3I, C2F5I, and 2-iodoheptafluoropropane were carried out (see Section 3.3).
In the case of iodotrifluoroethylene, the same sequence but with only one substrate of each kind
was used.
As in the earlier experiments, optical emission interferometry (OEI) was employed for in-situ etch
rate measurement. When no OEI etch rate data was available, etch rates were determined by
Nanospec ® measurement. The results of these experiments are summarized in the figures below,
along with earlier IFC and C3F 8 data. All data shown below was taken from the second oxide/
nitride wafer in the sequence, with the exception of iodotrifluoroethylene data, where only one
substrate of each type was used. OEI etch rates are wafer averages. Nanospec ® etch rate data was
taken at the primary flat location of the wafer.
Additionally, Auger electron spectroscopy (AES) was used to analyze the composition of the res-
idues left on the surfaces of the blank Si wafers used in the experiments. The same procedure had
been followed earlier for the blank Si wafers used in the CF 3I, C2F5I, and 2-iodoheptafluoropro-
pane experiments. The instrument used was a Physical Electronics Model 660 scanning Auger
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Figure 3.4.1 Oxide etch rates for all IFCs at 93 mTorr, 50 Gauss, and 25 sccm etch gas
flow. All IFC etch rates shown were taken from the second oxide wafer etched with each
of those gases, except for C2F3I, where only a single oxide wafer was etched.
spectrometer. All samples were analyzed in an area mode (100 x 100 mm) at 10 nA of electron
beam current and an electron beam voltage of 10 kV; the measurements were all taken near the
primary flat location of the wafer.
RESULTS AND DISCUSSION
It was found that both 1-iodoheptafluoropropane and iodotrifluoroethylene are capable of etching
silicon dioxide films, though, at this particular experimental condition, at rates slower than that of
the perfluorinated baseline gas, octafluoropropane. The oxide etch rates on the first wafer etched
with 1-iodoheptafluoropropane, as measured by OEI, were 1837.76 and 1881.46 A/min at the pri-
mary flat and center locations, respectively; on the second wafer, the corresponding rates were
1937.35 and 2005.05 A/min. The respective average etch rates for the two wafers were 1870.6 A/
min. and 1996.9 A/min. This increase in etch rate from the first wafer to the second (a "season-
ing" effect) was also found for the three IFC compounds tested earlier under the same conditions.
The oxide etch rate of C2F3I, as measured by Nanospeco, was 1380 A/min at the primary flat
location and 1383 A/min at the center location. A comparison of the present data with the results
of the earlier experiments (see Figure 3.4.1), shows that the fastest IFC oxide etch rate under the
conditions used was that of 1-iodoheptafluoropropane, which etched somewhat faster than its iso-
mer, 2-iodoheptafluoropropane.
The behaviors of 1-iodoheptafluoropropane and iodotrifluoroethylene differed markedly, how-
ever, when these gases were used with silicon nitride wafers. Iodotrifluoroethylene was found to
deposit a polymeric film on the surface of the nitride wafer. No net etching was observed at any
location on the wafer. Estimated deposition rates (as measured by Nanospec®, using the refrac-
tive index of thermal oxide as a rough estimate for the refractive index of the film) were 98 A/min
and 409 A/min at the primary flat and center locations, respectively. 1-iodoheptafluoropropane,
on the other hand, removed nitride at 1852.89 A/min at the primary flat location and 1417.91 A/
min at the center location on the first wafer, and 1668.12 A/min at the primary flat location and
1282.6 A/min at the center location on the second wafer. The average etch rates were 1658.55 and
1517.64 A/min for the two wafers, respectively. (Thus, in contrast to the oxide case, a decrease,
rather than an increase, in etch rate was observed from the first to the second wafer.) All 1-
iodoheptafluoropropane nitride etch rates reported were measured by OEI.
Hence, while C2F3I appeared to be quite selective to silicon nitride at the conditions used, 1-
iodoheptafluoropropane etched nitride quite readily (at a rate comparable to that of the C3F8 refer-
ence - see Figure 3.4.2). It is interesting to point out that the nitride etch behavior of 1-iodohep-
tafluoropropane was entirely different from that of 2-iodoheptafluoropropane, which was highly
selective to nitride. This somewhat unexpected result suggests that the 2-iodo isomer has a
greater tendency to fragment into deposition precursors than its cousin under the conditions used.
However, a more detailed explanation of the mechanism responsible for the striking difference in
the behaviors of the two species will require further investigation.
When a blank Si wafer was exposed to the 1-iodoheptafluoropropane plasma for 300 s, very little
deposition was seen on the surface of the wafer. The thickness of this light deposit was estimated
to be -100 A by Nanospec® measurement. The iodotrifluoroethylene blank Si wafer, on the other
hand, was found to be coated with a deposit estimated to be on the order of 3800 A thick from
OEI data, where the refractive index of thermal oxide was again used as an estimate of the index
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Figure 3.4.2 Nitride etch rates for all gases at 93 mTorr, 50 Gauss, and 25 seem etch
gas flow. All IFC etch rates shown were taken from the second nitride wafer etched
with each gas, except for C2F3I, where only a single nitride wafer was etched.
of the polymeric film. In the earlier IFC experiments with blank Si substrates, almost no deposit
was found on the wafer exposed to CF 3I, a light deposit was found on the C2F51 wafer, and a
heavy deposit (though not one as thick as the one produced in the C2F3I plasma) was found on the
2-iodoheptafluoropropane wafer. The present results are consistent with the trend reported earlier
that greater amounts of polymer deposited on the blank Si wafer correlate well with a decrease in
silicon nitride etch rate in the IFC etch processes studied.
Table 3.4.1 Relative carbon, fluorine, and iodine content of films deposited by IFC plasmas
on blank Si substrates. All data taken at the primary flat location of the wafer.
CF3I 90.98 9.02 negligible 10.1:1
C2F5I 79.47 13.34 7.20 6.0:1
CF3-CFI-CF3  76.62 18.39 4.99 4.2:1
CF 2I-CF 2-CF 3  81.18 14.40 4.42 5.6:1
C2F 3I 76.93 12.33 10.74 7.2:1
AES data taken from the surface layers of the blank Si substrates exposed to iodotrifluoroethylene
and 1-iodoheptafluoropropane indicated the presence of carbon, fluorine, and iodine. The relative
percentages of these three elements in the films found on the wafer surface were estimated on the
basis of instrumental sensitivity factors and are given in Table 3.4.1.
The 1-iodoheptafluoropropane data is consistent with the trend extracted from the earlier data,
which suggests that the C:F ratio among the iodine-containing fluoroalkanes drops as one moves
from shorter to longer molecules. Beyond this observation, however, it is difficult to draw trends.
A comparison between 1-iodoheptafluoropropane and 2-iodoheptafluoropropane films indicates
that the iodine content of the films is similar, but the 1-iodoheptafluoropropane film appears to be
more carbon rich. Moreover, there does not appear to be a correlation between either the C:F ratio
of the film deposited on silicon or its iodine content and the tendency of the etch gas to polymer-
ize (the chemistries which deposited the least polymer on silicon were iodotrifluoromethane and
1-iodoheptafluoropropane, whereas those that deposited the most polymer on silicon were 2-
iodoheptafluoropropane and iodotrifluoroethylene). Further study will be required to identify the
specific mechanisms responsible for polymerization in iodofluorocarbon plasmas, as well as to
determine why the polymerization behavior of the two isomers of iodoheptafluoropropane is so
dissimilar.
Section 3.5 Summary
Six non-perfluorinated etchants - TFAA, CF 3I, C2F5I, CF 3-CFI-CF3, CF2I-CF2-CF 3, C2F31 - were
evaluated in an Applied Materials Precision 5000 etch tool using thermal silicon dioxide and
LPCVD nitride substrates. Designed experiment (DOE) methods were used to evaluate TFAA
and baseline it against octafluoropropane, a perfluorocompound. TFAA was found to exhibit gen-
erally the same trends as the octafluoropropane reference gas within the parameter space tested.
The silicon nitride etch rates for TFAA were remarkably similar to those of C3F8 in nearly all
regions of the parameter space explored; however, its etch rates for silicon dioxide substrates were
noticeably lower than those of octafluoropropane under all conditions.
More limited tests were carried out for the iodofluorocarbon chemistries. CF 3I was found to etch
both silicon dioxide and silicon nitride quite readily at the conditions tested. Moreover, it
appeared to leave no chamber or wafer residues beyond the thin carbon/fluorine films that are nor-
mally expected with the use of fluorocarbon chemistries for etching. As one moved toward longer
chain IFCs, the oxide etch rate improved at the conditions tested; the nitride etch rate, however,
decreased considerably. Whereas some (highly non-uniform) etching of nitride was found to
occur with C2F5I, CF 3-CFI-CF3 was almost completely selective to nitride (while it etched oxide
at a reasonably rapid rate). More chamber and wafer residue was also observed as one moved
from CF3I to C2F5I and still more as one used CF 3-CFI-CF3. The films deposited by C2F5I and
CF 3-CFI-CF3 contained mostly carbon and fluorine, with small amounts of iodine. Under the
conditions used, 1-iodoheptafluoropropane was found to etch both silicon dioxide and silicon
nitride quite readily, whereas iodotrifluoroethylene etched oxide but deposited a thick iodine con-
taining fluoropolymer film on the nitride substrate. Both compounds may be potentially useful as
dielectric etchants. 1-iodoheptafluoropropane may find application as an etchant useful for the
removal of both silicon dioxide and silicon nitride films, whereas iodotrifluoroethylene appears to
be an oxide etchant that exhibits high selectivity to silicon nitride.
All films deposited by the IFCs were readily removed by a simple plasma clean. These prelimi-
nary tests suggest that, at least under conditions similar to the ones used in this work, short chain
IFCs may be less prone to leave chamber and wafer residues, whereas longer chain IFCs may be
potentially useful in etch applications where high oxide to nitride selectivity is desired. In sum-
mary, all gases were found to be potentially viable dielectric etchants that warrant further testing
to demonstrate their viability in actual wafer patterning and PECVD chamber cleaning applica-
tions.
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Chapter 4. Chamber Clean Process Development
Alternatives demonstrating etch rates equivalent to the PFC baseline process dur-
ing the etch viability testing were next considered for chamber clean process
development. Based on the results of the viability tests (and considerable indus-
trial interest in this chemistry), trifluoroacetic anhydride was chosen as the first
chemistry for chamber clean testing. Additionally, several chamber clean chemis-
tries were tested as part of industrial collaborations without going through the etch
viability stage; specifically, nitrogen trifluoride (NF 3) and NF3-spiked C2F6 pro-
cesses were examined.
Section 4.1 Introduction
All of the research on chamber clean development took place on the Novellus Concept One 200
dielectric multiple-wafer plasma-enhanced chemical vapor deposition (PECVD) tool housed in
the Integrated Circuits Laboratory of the Microsystems Technology Laboratories. Although the
PECVD reactor was designed to accomodate 200 mm silicon wafers, it has been modified to han-
dle 100 mm wafers that are currently being used by the facility. The dielectric film being depos-
ited by the Concept One appears on every heated surface of the reactor, including, of course, the
silicon wafer. The thickness of the film coating the chamber grows as the number of wafers going
through the chamber increases. At some point, without a chamber clean, the presence of a thick
dielectric film inside the chamber would create particle problems for subsequent wafers. There-
fore, a chamber clean is performed when a certain thickness (determined by the owner of the tool)
of dielectric film being deposited is reached, or when the composition of the dielectric film being
deposited is changed. The standard chamber clean on the Novellus Concept One 200 utilizes a
C2F6/O2 process to remove silane oxide films (which are the only films studied to date for cham-
ber cleaning as a part of this research project).
The principal parameters of interest in developing an alternative chamber clean process are the
clean time and the total global emissions from the process. The goal of the chamber clean devel-
opment phase of the project is to find an alternative chamber clean chemistry that exhibits equiva-
lent chamber clean time with emissions reduction of over 90%, compared to the Novellus
standard C2F6 process. This goal was set as a result of a considerable amount of input from the
industry.37,38 Another issue affecting the manufacturability of any alternative chamber clean pro-
cesses is that of whether or not the source material is a liquid or a gas at room temperature. Sev-
eral of the candidates, including TFAA and some of the iodofluorocarbons, are liquids at room
temperature; however it is possible to draw the vapor from the top of the cylinder to supply gas for
the process. In the high flow situations present for chamber cleaning (approximately one standard
liter per minuter for the Novellus reactor), there is a potential problem with condensation of high
vapor pressure materials in the line on the way to the reactor. Realistically, any alternative chem-
37.PFC Leadership Group, Personal Communication, 1997.
38.K. Aitchison, Personal Communication, 1997.
ical for chamber cleaning that is a liquid at room temperature would need to be delivered either
through heated lines or a liquid delivery system to the tool in a semiconductor manufacturing
environment.
Analytical techniques, including OES, FTIR spectroscopy, and QMS, were employed during the
course of the chamber clean development work to provide information about chamber clean time
and to quantify global warming species in the process effluent. As described in Chapter 2., the
OES instrument gathered optical data from the plasma via a fiber optic cable affixed to the cham-
ber window, and the FTIR spectrometer and QMS were connected in parallel, sampling the pro-
cess effluent after the process pump at atmospheric pressure.
Section 4.2 Trifluoroacetic Anhydride
One chemistry that emerged as a promising alternative in the early testing was trifluoroacetic
anhydride. Since TFAA hydrolyzes readily to form trifluoroacetic acid, its atmospheric lifetime is
believed to be negligible. 39 Table 4.2.1 summarizes the properties of this chemical. Work has
been done to determine the etch viability of TFAA, and it has been evaluated as an alternative
chamber clean chemistry at Motorola in an Applied Materials Precision 5000 single-wafer CVD
tool.40 The work at Motorola showed that the use of TFAA in place of C2F6 on a P5000 results in
equivalent clean times and substantially reduced PFC emissions, with CF 4 being the primary glo-
bal warming gas in the effluent. This research, performed in collaboration with Air Products and
Chemicals, augments those studies with an evaluation in a Novellus Concept One 200 (multiple-
wafer) dielectric CVD tool.
In addition to switching to a non-perfluorocompound source gas for the plasma, another important
factor in reducing PFC emissions is minimizing the amount of PFCs that are produced as reaction
by-products. Since CF3 radicals are formed when TFAA is broken down in the plasma, quantify-
ing the formation of CF 4 (another long-lived global warming gas) is an important aspect of the
39.Draft Report, EPA Contract 68-D2-0182 (1996).
40.S. Soggs et al., op. cit., pp. 71-80.
assessment of this gas as an alternative to C2F6 or C3F8 . A metric called MMTCE (million metric
tons of carbon equivalent) has been defined in an attempt to quantify the relative impact a process
will have from a standpoint of emissions and is calculated according to Equation 1.2.2.
Table 4.2.1 Material Properties of Trifluoroacetic Anhydridea
O O
CF 3  O CF 3
Trifluoroacetic Anhydride
Boiling Point 39 oC
Melting Point -65 oC
Vapor Pressure 325 Torr @ 25 oC
Flammability non-flammable
a. Materials Safety Data Sheet, Schumacher,
Carlsbad, CA, December 1995.
EXPERIMENT
The viability of TFAA as an alternative chamber clean chemistry was evaluated by measuring
clean time, process MMTCE, and source gas destruction efficiency as a function of source gas
flow, oxygen flow, and chamber pressure on a Novellus Concept One 200 dielectric PECVD tool.
One micron of SiO 2 was deposited on fifteen 100 mm wafers using a standard Novellus silane
oxide process before each chamber clean was performed. The process characterization equipment
included an SC Technology PCM-401 optical emission spectrometer (OES), a UTI 100C quadru-
pole mass spectrometer (QMS), and a Midac I-Series Fourier transform infrared spectrometer
(FTIR) equipped with a 1 cm absorption cell.
A fiber optic cable from the OES was affixed to the chamber window to determine endpoint by
monitoring fluorine emissions at 703.7 nm in the plasma. The endpoint of the chamber clean is
reached when there is no silicon available for reaction with fluorine, causing the fluorine emission
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Figure 4.2.1 Process characterization equipment setup for
TFAA evaluation on Novellus Concept One.
to increase sharply. The QMS and FTIR were connected in parallel to the process pump exhaust
via 1/8" stainless steel tubing, and were set to monitor the concentrations of species of interest in
the process effluent. A capacitance manometer was used at the inlet to each instrument to mea-
sure the inlet pressure for every experiment. Calibrations were performed daily on the QMS and
FTIR with an Air Products proprietary dynamic dilution system. A schematic of the equipment
setup is shown in Figure 4.2.1.
A central composite design experimental matrix with three center point replicates was formulated
to examine the effect of chamber pressure, TFAA gas flow, and 0 2 gas flow on chamber clean
time, process MMTCE, and TFAA destruction efficiency. The chamber pressure was varied from
1.4 to 3.6 Torr, the TFAA gas flow was varied from 800 to 1200 seem, and the 0 2 flow was varied
from 600 to 1600 seem. The TFAA gas cylinder was heated to several degrees above room tem-
perature to aid in achieving the relatively high gas flows specified in the experimental matrix. The
standard clean procedure for the Concept One 200 utilizes a two step C2F6 clean sequence, con-
sisting of a high pressure step at 2.7 Torr (the main portion of the clean, where the plasma is con-
centrated between the showerheads and the heater block) and a low pressure step at 0.7 Torr
(intended to serve as a remote surface clean). This study focused on changing the first portion of
the sequence, and retained the Novellus-standard low pressure C2F6 chamber clean41 , which was
performed after each TFAA chamber clean to ensure that all silicon dioxide was removed from
the chamber before beginning the next experiment.
Emissions data and clean times were also measured for the following reference processes: two
Novellus-standard clean processes for the Concept One 200 - a C2F6 clean42 and a C3F8 clean4 3,
an improved experimental C2F6 clean44, and the experimental C2F6 clean doped with 150 sccm
NF3. NF 3 is an additional source of fluorine in the plasma, and has been shown to reduce cham-
ber clean times (see Section 4.3). These data were used as a baseline for comparison with TFAA
chamber clean processes.
A full mass spectrum was collected for a TFAA clean to determine the important peaks for analy-
sis. Figure 4.2.2 displays the mass spectrum, which indicates the presence of COF 2, SiF4 , CF 4,
C0 2, CO, unreacted TFAA, and nitrogen (from the pump purge). Based on this information, the
masses chosen for monitoring during the remainder of the QMS testing were the following: mass
14 (N+), mass 38 (F2+), mass 50 (CF 2+), mass 69 (CF3+), mass 85 (SiF 3+), mass 97 (CF 3CO+),
and mass 119 (C2F5+). A representative FTIR absorbance spectrum is displayed in Figure 4.2.3,
and shows that the primary reaction by-products are COF2 , SiF4, CF 4, CO2, and CO. TFAA does
not appear in the spectrum in Figure 4.2.3 since the process represented by this spectrum had a
high destruction efficiency of the source gas. The FTIR analysis for the experiments was per-
formed using a software method that monitored the concentrations of COF2, SiF 4, CF4, C2F6 , and
TFAA.
41. Novellus-standard low pressure C2 F6 clean: 2.5 slm C2 F6 , 2 slm 02, 2500 W, 0.7 Torr.
42. Novellus standard C2 F6 clean: 2.5 slm C2F6 , 2 slm 02, 3500 W, 2.7 Torr.
43. Novellus C3 F8 clean: 800 sccm C3F8 , 1600 sccm 0 2 , 3500 W, 3.6 Torr.
44. Novellus expermimental C2F6 clean: 1.1 slm C2 F6 , 900 sccm 02, 3500 W, 3.6 Torr.
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Figure 2. Mass spectrum taken by QMS during TFAA chamber clean.
Figure 4.2.2 Mass spectrum taken by QMS during TFAA chamber clean.
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Figure 4.2.3 Absorbance spectrum taken by FTIR during TFAA chamber clean
TFAA is a liquid at room temperature, and the gas was supplied to the chamber by drawing vapor
from the cylinder, which was heated to several degrees above room temperature to prevent exces-
sive cooling of the liquid as vapor was being removed. The Novellus Concept One CVD tool
requires flow rates of the etch gas on the order of one liter per minute, and sustaining TFAA flows
at this rate proved difficult. The 1/4" stainless steel lines connecting the TFAA cylinder to the
tool, approximately fifty feet long, were not heated, and problems arose with liquid formation as
the vapor condensed along the length of the line. Similar difficulties were experienced with the
flow of C3F8 through the mass flow controller. The original experimental design called for seven-
teen test points, and difficulties sustaining a high flow rate of TFAA caused the last point to be
discarded.
Table 4.2.2 Clean time and MMTCE values for chamber clean processes on Novellus
Concept One 200 dielectric PECVD tool.
200 mm Chamber Clean Recipes for
Novellus Concept One
Clean time (s) MMTCE (x10 9)
Standard C2F6  400 175
Experimental C2F6  370 58
Standard C3F8  380 50
150 sccm NF 3 + C2F6  290 54.2
TFAA (best emissions) 440 7.04
TFAA (best time) 340 9.6
RESULTS AND DISCUSSION
The clean time and process MMTCE were calculated for the standard C2F6 , optimized C2F6, stan-
dard C3F8 , and TFAA cleans. Table 4.2.2 displays the results for the baseline C2 F6 and C3F8 pro-
cesses. The SiF 4 signal from the QMS was used to determine clean time, although equivalent
times were also observed on the FTIR. The times recorded on the OES were consistently 40 to 50
s shorter, since the measurements were taken at the chamber rather than after the process pump.
MMTCE calculations were based on FTIR measurements of concentrations of CF 4 and C2F6 in
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experimental results (points) as a function of chamber pressure and TFAA
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the process effluent. The QMS data could have been used for the MMTCE calculations, but
deconvolution of the individual contributions of TFAA, C2F6, and CF 4 to the mass 69 peak was
found to be non-trivial. The error for the measured clean times was determined to be plus or
minus two percent, and the error for the measurement leading to the MMTCE figure was plus or
minus three percent. These calculations represent one standard deviation from the mean of the
measurements for the three center point replicates, and do not include potential error in the con-
version factor on the mass flow controller on the tool or in the global warming potential for CF 4.
Of the three parameters studied in the TFAA evaluation, the least variation occurred in TFAA
destruction efficiency. In almost all of the parameter space examined, 97 percent or more of the
TFAA was destroyed in the plasma. Exceptions were present at high chamber pressures (greater
that 3.5 Torr) and/or low 02 flows. DuPont's NNAPER neural network software was used to cre-
ate models of the responses as a function of the factors tested; a model of TFAA destruction ver-
sus TFAA flow and chamber pressure is shown in Figure 4.2.4, with the oxygen flow rate held
constant at 1270.5 sccm and the experimental results superimposed on the modeled response. The
results were also analyzed using Stat-Ease's Design-Expert® response surface methodology
(RSM) software, and the trends were found to be the same. The destruction efficiency of TFAA is
of concern because unreacted TFAA hydrolyzes readily to form trifluoroacetic acid, which has
possible environmental implications that are described elsewhere. 45,46
Another criterion used to evaluate the performance of TFAA as a chamber clean alternative is
clean time. The C2F6 process released by Novellus as the standard chamber clean on its 200 mm
Concept One dielectric tool was found to have a 400 s clean time for the deposition process used
in this evaluation, and optimization work has indicated that the clean could be performed in 370 s.
Doping the C2F6 plasma with a small amount of NF3 has yielded clean times as low as 290 s. The
fastest clean observed in the TFAA chamber clean tests had a length of 340 s, which is slightly
shorter than the experimentally optimized C2F6 clean. The trends that were observed with the
clean time as a function of the experimental parameters were that the time increased with
decreased TFAA flow rate, increased with decreased chamber pressure, and was relatively inde-
pendent of 02 flow rate. The only exception to these trends occurred in the high 02 flow rate/low
TFAA flow rate region of the parameter space, where there was a marked increase in clean time
with an increase in 02 flow rate. Again, the trends predicted by the neural network software and
the RSM software were in agreement. Figure 4.2.5 displays the modeled clean time as a function
of TFAA flow rate and chamber pressure, with the oxygen flow rate held constant at 1270.5 sccm
and the experimental results superimposed on the modeled response
The final response examined was the MMTCE of the TFAA clean as a function of pressure, 02
flow rate, and TFAA flow rate. In each run, the time over which the MMTCE was calculated was
defined as the time between plasma ignition and process endpoint, as measured by the change in
the QMS SiF 4 signal. The only PFC detected in the effluent in each case was CF 4; therefore, CF 4
was the sole contributor to the MMTCE calculation. The NNAPER model and RSM model again
predicted the same trends for the responses as a function of the input factors: a decrease in
45.P. Visscher et al., Nature, Vol. 369, June 30, 1994.
46.AFEAS, "Overview of AFEAS Research Activities on TFA," October 1995.
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Figure 4.2.5 Modeled chamber clean time (surface) and experimental results (points)
as a function of TFAA flow rate and chamber pressure. Oxygen flow rate is held
constant at 1270.5 sccm.
MMTCE with decreased TFAA flow rate, a decrease with decreased 02 flow rate, and an increase
with decreased chamber pressure. The exceptions to these trends occurred in the high pressure
regime, where MMTCE seemed to be independent of both TFAA flow rate and 0 2 flow rate. Fig-
ure 4.2.6 shows a model of MMTCE as a function of TFAA flow rate and 0 2 flow rate, with the
chamber pressure held constant at 2.5 Torr and the experimental results superimposed on the mod-
eled response. The lowest MMTCE measured was for a low TFAA flow rate/low 0 2 flow rate/
high chamber pressure point, and was 7.04x10 -9. This represents a factor of 25 improvement over
the MMTCE of the standard C2F6 process, and a factor of 8 improvement over the experimentally
optimized C2F6, standard C3F8 , and NF 3-doped C2F6 cleans.
SUMMARY
Trifluoroacetic anhydride was evaluated as an alternative chamber clean chemistry on the Novel-
lus Concept One 200 PECVD reactor using quadrupole mass spectroscopy, Fourier transform
infrared spectroscopy, and optical emission spectroscopy. Chamber clean time, MMTCE, and
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Figure 4.2.6 Modeled MMTCE (surface) and experimental results (points) as a
function of 02 flow and TFAA flow. Chamber pressure is held constant at 2.5 Tort.
destruction efficiency of TFAA in the plasma were monitored as a function of TFAA flow rate, 02
flow rate, and chamber pressure. Substitution of TFAA for optimized PFC processes resulted in
equivalent chamber clean times with approximately a factor of five decrease in MMTCE values,
or slightly longer clean times with a factor of eight decrease in MMTCE. In most cases, almost
one hundred percent destruction of the source TFAA was observed in the plasma. Facilities issues
posed the only serious drawback to the use of TFAA as an alternative chemistry in the Novellus
Concept One reactor. In order to sustain the high flow rates required in the Novellus tool, heated
lines appear to be necessary between the cylinder and the reactor to prevent formation of liquid
TFAA in the lines. Alternatively, a liquid TFAA delivery system would need to be installed on the
tool.
TFAA has been demonstrated to be effective in reducing clean time and PFC emissions on a Nov-
ellus Concept One dielectric PECVD reactor. Further work must be done to address the facilities
issues associated with the delivery of this chemical in a production environment. Additionally,
long-term testing is necessary to assess whether there is an impact on manufacturing stability
associated with the use of this alternative chemistry.
Section 4.3 NF 3-spiked C2F6
Another aspect of the chamber clean development work performed in collaboration with Air
Products and Chemicals was the examination of the effect of adding a small amount of NF3 to the
C2F6 chamber clean. The addition of NF3 to a C2F6/O2 plasma has been examined previously,
and resulted in reduced arcing of the plasma and shorter clean times; however, no emissions mea-
surements were made as a part of that study.47 The experimentally optimized Novellus C2F6/O2
process (described in Section 4.2) was the process to which the NF 3 was added in this experiment.
EXPERIMENT
One micron of silane oxide was deposited on fifteen 100 mm wafers in the Novellus Concept One
200 PECVD tool. A chamber clean using one of the experimental processes was performed, uti-
lizing OES for in-situ endpoint detection and QMS and FTIR spectroscopy for emissions quantifi-
cation as described in Section 4.2. Following the experimental NF 3/C2F6/0 2 chamber clean, the
Novellus-standard low pressure C2F6/0 2 clean was performed to ensure that the chamber had no
residual film inside after the experimental clean. Four experimental cleans were run, each using
the optimized C2F6/O2 recipe as a basis: the addition of 0 sccm NF 3, 50 sccm NF 3, 100 sccm NF3,
and 150 sccm NF 3. The operating pressure was lowered from the optimized C2F6/O 2 recipe to
maintain plasma uniformity in the presence of the more reactive NF3.
RESULTS AND DISCUSSION
Figure 4.3.1 shows the chamber clean time as a function of NF 3 addition. The clean time shows a
monotonic decrease with increasing NF 3 flowrate. It should be noted that the "zero" NF 3 process
had a substantially longer clean time than the optimized C2F6 recipe due to the lower operating
pressure. One tradeoff with the addition of NF 3 to the plasma was the decrease in plasma stability
as a function of increased NF 3 present. At the point at which there were 150 sccm of NF 3 flowing
47.Leong, J. Presentation to the SIA/SSA/SEMATECH Global Warming Symposium, 1996.
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Figure 4.3.1 Chamber clean endpoint times for C2F6/O2 plasmas as a function of added
NF 3.
in the process, the plasma was lost under several of the showerheads in the reactor at approxi-
mately the endpoint time.
Although NF3 is considered to be a global warming gas, it is destroyed efficiently in the plasma,
and therefore provides little, if any, contribution to the overall global warming products of the pro-
cess. Its purpose, then, in these experiments was to serve as a source of extra fluorine in the
plasma without adding to the calculated MMTCE for the process. Table 4.3.1 shows the emis-
sions data for each experimental point. For comparison, the experimental C2F6/0 2 process at the
usual, higher pressure has a clean time of 370 s and an MMTCE of 58x10 -9. Each of the NF3-
added processes has a roughly equivalent process MMTCE to the reference C2F6/O02 process. The
addition of NF 3 to the process actually lowered the global warming emissions; the improvement
in chamber clean time had a stronger effect than the added unreacted global warming species on
the time-integrated emissions of the process.
SUMMARY
The addition of a small amount of NF3 to a C2F6/0 2 plasma was demonstrated to be effective in
sharply reducing the time necessary to complete a PECVD chamber clean. Overall process emis-
sions dropped slightly as the amount of NF3 in the process was increased, but, in general, the
emissions for each of the experimental points were essentially the same. The only drawback to
the addition of NF 3 to the C2F6/0 2 process was the increase of plasma instability with increasing
NF 3.
Table 4.3.1 Addition of NF 3 to C2F6/O2 Chamber Clean
+ 0 sccm 430 3.8 --- 1.1 66
NF3
+ 50 sccm 390 3.8 0.1 0.9 64.8
NF 3
+ 100 seem 340 3.5 0.2 0.7 60.4
NF 3
+ 150 sccm 290 3.1 0.3 0.6 54.2
NF 3
Section 4.4 NF3
The possibility of using NF 3 for PECVD chamber cleaning has been especially attractive to semi-
conductor manufacturers wishing to sharply reduce their PFC emissions. Since NF3 contains no
carbon, the longest-lived global warming byproduct of the C2F6/0 2 clean process, CF4 , is not
emitted in NF 3 processes. NF 3 itself is a global warming gas, with an atmospheric lifetime of 740
years and a global warming potential of 8,100 over a one hundred year integrated time horizon. 48
48.J. Langan., op. cit.
However, its destruction efficiency in the plasma is believed to be very high, leading to reduced
overall process emissions.
A considerable amount of work has been done in the past to explore the use of NF 3 for the etching
of dielectric films.49' 50 The challenge in using NF 3 for chamber cleaning applications is the elec-
tronegative nature of the plasma, which leads to plasma instability such as arcing and problems
with power coupling efficiency. Air Products and Chemicals has completed studies that indicate
that the introduction of an argon diluent to a concentration of 25 mol percent NF 3 in the plasma
aided in improving both the plasma stability and the etch rate for dielectrics. 5 1
Presently, IBM is interested in the development of dilute NF3 chamber clean processes for both
its Applied Materials and Novellus Systems PECVD tools. Their work on an Applied Materials
CVD reactor showed that the use of helium as the diluent gas rather than argon offered an
improvement in the process. A four-way collaboration among IBM, Novellus Systems, Air Prod-
ucts and Chemicals, and MIT was established within the context of the NSF/SRC Engineering
Research Center for Environmentally Benign Semiconductor Manufacturing to evaluate the via-
bility of adapting the NF 3 process developed by IBM for chamber cleans on Novellus tools.
EXPERIMENT
The chamber clean time and global warming emissions of dilute NF 3 processes were evaluated
the Novellus Concept One 200 in ICL as a response of the NF3 to He ratio in the plasma, chamber
pressure, total gas flow rate, total power, and percent low frequency power supplied to the plasma.
The results were compared with the chamber clean time and global warming emissions of Novel-
lus's standard C2F6/0 2 process (described in Section 4.2). Initially, a central composite designed
experiment was planned to determine the extent of the interaction among all of the process vari-
49.B. Golai, J. Barkanic, A. Hoff, Microelectron. J., 16, (1), 5, (1985).
50.J. Barkanic, D. Reynolds, R. Jaccodine, H. Stenger, J. Parks, H. Vedage, Solid State Technology, 32:109
(1989)
51.J. Langan, S. Beck, B. Felker, S. Rynders, "The role of diluents in electronegative fluorinated gas dis-
charges," Journal of Applied Physics, 79 (8), April 15, 1996, p. 3886.
ables. Difficulty in achieving plasma stability or a clean endpoint resulted in a modified set of
experiments that did not allow for the analysis of the data via response surface methodology.
Diagnostic tools used during the course of this set of experiments included a SC Technology
PCM-401 OES tool and a Midac I-Series FTIR spectrometer equipped with a 1 cm absorption
cell. The OES instrument was affixed to the chamber window via a fiber optic cable, and col-
lected data from the fluorine emission wavelength of 685 nm. A more common wavelength used
in OES is the fluorine emission line at 703.7 nm; however, helium appeared to have a feature that
exactly overlapped the fluorine feature at this wavelength. The FTIR instrument sampled after the
process pump (at atmospheric pressure), and returned the process effluent downstream of the sam-
ple point to be released out the house exhaust.
The first step in the experimental process was a silane oxide precoat of the chamber to a thickness
of 0.5 g. After the precoat, an NF3 experimental chamber clean was performed to remove the
dielectric film from the chamber, followed by the Novellus-standard low pressure C2F6 clean to
ensure that there was no residual oxide in the reactor. The experiments varied a number of factors
as described in Table 4.4.1.
Table 4.4.1 Experimental Parameters in NF 3 Evaluationa
NF3 to He Ratio 0.1, 0.19, and 0.28
Total Power 2000, 2750, and 3500 W
Chamber Pressure 0.7, 1.85, and 3 Torr
Total Gas Flow 1000, 2250, and 3500 seem
Percent Low Frequency Power 0%, 7.15%, and 14.3%
a. One test point at the following conditions was added to the testing at the suggestion of John Lan-
gan (Air Products and Chemicals): NF3 to He ratio of 0.39, total power of 3500 W, chamber
pressure of 2 Torr, total gas flow of 2000 sccm, and no low frequency power.
RESULTS AND DISCUSSION
The data gathered for each of the experimental runs is displayed in Table 4.4.2. Emissions reduc-
Table 4.4.2 Results of Dilute NF 3 Chamber Clean Experiments
980 2520 3500 -91.7 -32.4 48.8
560 1440 2 3500 0 -94.6 +13.0 65.6
980 2520 0.7 3500 0 -87.2 +45.8 63.7
980 2520 0.7 1714 286 -79.0 +47.8 40.5
428 1823 1.85 2553 197 -96.2 +63.2 77.7
428 1823 1.85 2553 197 -96.1 +63.2 77.9
280 720 3 1714 286 -95.2 +95.7 65.1
350 3150 3 1714 286 -96.0 +98.0 77.1
350 3150 3 3500 0 -98.7 +117.8 93.9
280 720 3 3500 0 -98.4 +126.1 91.0
280 720 0.7 2000 0 -97.5 +187.4 87.7
350 3150 0.7 3500 0 -98.4 +195.7 94.1
350 3150 0.7 3000 501 -98.3 +213.0 93.9
280 720 0.7 3000 501 -98.4 +246.2 93.5
350 3150 0.7 2000 0 -94.4 +293.7 83.5
100 900 1.7 1714 286 -99.5 +616.6 97.6
2500 C2F6  2000 02 2.7 3500 0 0 0 29.0
tions of 79 percent or better compared to the Novellus C2F6 process were achieved with each test
point; most processes achieved a 90 percent or better reduction in global warming emissions. The
data do indicate a necessary tradeoff between high NF3 destruction efficiency (and therefore low-
est process emissions) and short chamber clean time. Only the first experimental run in Table
4.4.2 had a chamber clean time that was shorter than the C2F6 reference process, and most of the
other experimental points had substantially longer clean times. The run that had the highest NF 3
destruction efficiency (97.6%), for example, had a chamber clean time that was 616% higher than
the time for the reference process.
There was a series of technical issues that arose during the course of the experiments having to do
with the compatibility of the process points with the Novellus reactor equipment setup. The fuse
blew for the heater block on the tool many times, probably as a result of the heater block's inabil-
ity to handle the low frequency power being supplied to it. The radio frequency (rf) match net-
work for the tool had to be manually tuned to reduce the reflected power to a level where the
plasma would ignite and stabilize. Often, some, but not all, of the showerheads distributing the
gas in the reactor would have the plasma extinguish underneath as the process endpoint
approached. Finally, the experiments came to an abrupt end when the rf power supply failed,
probably due to a high amount of power reflected to it.
SUMMARY
The viability of using a He/NF 3 chamber clean process on a Novellus Concept One 200 PECVD
tool in order to reduce global warming gas emissions was investigated. Although there were a
considerable amount of challenges in stabilizing the electronegative NF 3 plasma in the chamber,
several experimental runs produced promising data. In particular, one run reduced the chamber
clean time by over 30 percent while at the same time reducing the emissions by over 90 percent.
Higher emissions reductions were achieved with an increase in clean time. The data indicate that
further work is warranted on this dilute NF 3 process, and follow-up research and actual process
development work is currently taking place at Novellus Systems.
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Chapter 5. Etch Process Development
The etch viability stage of the project provided data on the etch rates in oxide and
nitride for the candidate chemistries. The next step for the development of an etch
process was to test the promising candidate chemistries on patterned wafers.
Because of an opportunity to do the work on a current-generation high density
plasma etch tool, all of the etch process development research to date has been per-
formed at Motorola's Advanced Products Research and Development Laboratory
(APRDL). Work was done by another student in the summer of 1997 to evaluate a
number of the candidates in a high density plasma etch application. This chapter
summarizes that work for a particular chemistry (2H-heptafluoropropane) as back-
ground, and then discusses subsequent research that was completed to develop a
manufacturable high aspect ratio via etch process.
Section 5.1 Introduction
Since the product wafer gets exposed to an alternative etch chemistry, alternative etch process
development is a more complex process than chamber clean development. In contrast to PECVD
chamber clean processes, where the etch gas serves mainly as a source of atomic fluorine, wafer
patterning processes have many additional constraints that must be considered in the selection and
evaluation of alternative chemistries. One of the most critical components for etching is the need
for a polymerization mechanism in the plasma, since it is acknowledged that polymer formation is
essential for achieving selectivity to materials such as photoresist and stop layers. 52,53 ,54 ,55,56
Therefore, a way must be determined to supply the carbon and fluorine necessary for polymeriza-
tion while minimizing emissions of PFC byproducts, such as CF 4. An alternative etch process
must demonstrate performance comparable to existing etch processes, as measured by etch rate,
anisotropy, selectivity, uniformity, and lag. Additionally, any new etch process should not impact
the etch tool adversely or necessitate costly or cumbersome maintenance procedures.
Certain HFC chemsitries have been used as etchants for some time, most notably trifluo-
romethane (CHF 3), which, like perfluorinated alkanes, has a significant global warming potential
(11,700 as calculated over a one hundred year time horizon). 57 However, most other members of
the HFC family have only recently been examined for the etching of dielectrics. One of the most
promising candidates that emerged from the etch viability studies (described in Section 3.1) was
2H-heptafluoropropane. This compound does possess a global warming potential of 2,900, rela-
tive to CO 2.58 This compound was chosen for etch process development because it is expected to
52. D.L. Flamm and J.A. Mucha, "Plasma Etching," in Chemistry of the Semiconductor Industry, S.J. Moss
and A. Ledwith, eds. (New York: Chapman and Hall, 1987), pp. 343-390.
53. D.L. Flamm, V.M. Donnelly, and D.E. Ibbotson, "Basic Chemistry and Mechanisms of Plasma Etching,"
Semiconductor International, Vol. 6, No. 4 (1983), pp. 136-143.
54. J.W. Coburn, "Plasma-Assisted Etching," Plasma Chemistry and Plasma Processing, Vol. 2, No. 1
(1982), pp. 1-41.
55. J.A. Mucha, "The Gases of Plasma Etching: Silicon-Based Technology," Solid State Technology, Vol. 28,
No. 3 (1985), pp. 123-127.
56. J.W. Coburn and H.F. Winters, "Plasma Etching - A Discussion of Mechanisms," Journal of Vacuum Sci-
ence and Technology, Vol. 16, No. 2 (1979), pp. 391-403.
57.Intergovernmental Panel on Climate Change, op. cit., 1994.
58.Ibid.
behave similarly to C3F8, the baseline etch chemistry used in this study, and therefore seemed like
a probable interim solution that would require a shorter development period than other alternative
candidates. Despite the fact that 2H-heptafluoropropane is itself a global warming gas, effluent
data from 2H-heptafluoropropane processes performed as a part of this study indicates that signif-
icant reductions in overall process emissions of global warming gases can be achieved by the use
of this gas in place of C3F8. 2H-heptafluoropropane is also attractive from a handling standpoint
because it is nonflammable, noncorrosive, and has low acute toxicity.59 ,60
Much of the industry is moving toward the use of high density plasma etch tools for the oxide
etching in their back end of the line processing. A commercially available high density plasma
etcher was not available in the laboratory at MIT for the alternative etch process development
work; therefore, the resarch described in the following sections took place in the Advanced Prod-
ucts Research and Development Laboratory (APRDL) at Motorola, in Austin, TX. The etch reac-
tor used for all of the etch process development work to date is an Applied Materials Centura
5300 platform with inductively coupled high density plasma chambers.
Section 5.2 Summary of Previous 2H-Heptafluoropropane Work
This section discusses the results of etch experiments carried out with 2H-heptafluoropropane.
Initial efforts in the area of identifying and developing PFC replacements focused on dielectric
film applications, since processes involving the removal of dielectric films such as silicon dioxide
account for the bulk of PFC emissions. Accordingly, a silicon dioxide via etch application was
chosen as the test vehicle for evaluation of the etch performance of this chemistry.
EXPERIMENT
A typical etch process based on octafluoropropane (C3F8), a standard perfluorinated etch gas on
the tool used for the study, was used as a baseline process against which both emissions and pro-
59.Draft Report, EPA Contract 68-D2-0182, Vol. II, pp. 46-106 (1996).
60.S.R. Skaggs, T.A. Moore, and R.E. Tapscott, "Toxicological Properties of Halon Substitutes," Halon
Replacements: Technology and Science, Chapter 10, A.W. Miziolek and W. Tsang, eds. (Washington,
D.C: American Chemical Society, 1995), pp. 99-109.
cess data was compared. The tool used was an Applied Materials Centura 5300 platform with an
HDP dielectric etch chamber, an inductively coupled, high density plasma chamber. A multivari-
able matrix of conditions was run on 200 mm substrates with each test gas. Patterned TEOS
oxide wafers (-32,000 A thick) masked with I-line resist (-10,000 A) were used to generate pro-
cess performance data, whereas effluent data was gathered on blanket I-line resist wafers, run
under a matrix of conditions identical to those of the corresponding patterned wafers for each
chemistry. This procedure was possible because the patterned substrates used had approximately
only 0.5% open area, thus making the emissions from a blanket resist wafer and a patterned one
run under the same conditions for all practical purposes identical. The structures etched on the
patterned wafers were via holes with nominal printed dimensions of 0.6, 0.45, and 0.35 pm.
Three process variables were varied: source power, chamber roof ("top") temperature, and etch
gas flow rate. These variables were chosen because, in the HDP chamber, they are known to have
the largest effect on etch rate, selectivity, and aspect ratio etch performance. The ranges that were
explored were 1850 to 2900 W for the source power, 240 'C to 280 oC for the top temperature, and
10 to 40 sccm for the etch gas flow. In the case of 1-iodoheptafluoropropane, where additional
effort was spent on further improving the etch characteristics of the process, additional parame-
ters, namely pressure, bias power, chiller temperature setpoint, and argon flow rate, were also var-
ied. For 1-iodoheptafluoropropane, source power ranged from 1900 to 2600 W, and etch gas flow
from 20 to 34 sccm, with top temperature fixed at 260 *C. The etch rates reported in this work
were determined using cross-sectional scanning electron microscopy (SEM).
Quantitative effluent measurements were taken using FTIR spectroscopy. A Nicolet Magna 550
optical bench with a 1.3 cm absorption cell with zinc selenide windows was used. The instrument
was set up to sample the process effluent downstream of both the chamber turbopump and its
backing dry mechanical pump. The global warming impact of each process was characterized
using the MMTCE metric. All global warming fluorocarbon species that were detected in the
effluent were included in the MMTCE calculations. All of the processes discussed in this work
were timed runs lasting 120 s.
RESULTS AND DISCUSSION
MMTCE savings on the order of 60% relative to the C3F8 reference appear to be possible when
2H-heptafluoropropane is used as the source gas. The fluorinated species found in the highest
concentrations in the effluent stream were determined to be HF and SiF4 (it should be pointed out
that the HDP chamber contains quartz and silicon surfaces that are exposed to the process
plasma). The fluorocarbon species that were identified were CHF 3, CF4 , and C2F6 , as well as
unreacted 2H-heptafluoropropane. By comparison, the principal fluorinated species in the efflu-
ent from the C3F8 reference process were SiF4, HF (though in considerably smaller quantity than
was produced in the 2H-heptafluoropropane processes), CHF3, CF4, C2F6, and unreacted C3F8 .
For the best 2H-heptafluoropropane process point, the patterned TEOS etch rates ranged from
77% of the corresponding C3F8 reference process etch rates for 0.6 and 0.45 mm features in the
center of the wafer (6200 A/min vs. 8079 A/min for the 0.6 mm features, 5500 A/min vs. 7165 A/
min for the 0.45 mm features) to 83% of the corresponding C3F8 etch rates for 0.35 mm features
in the center of the wafer (4700 A/min vs. 5640 A/min). The etch rates for these features obtained
using the 2H-heptafluoropropane process which gave the best emissions were within 7% of the
"best process" 2H-heptafluoropropane values. As can be seen from Figure 5.2.1, 2H-heptafluoro-
Figure 5.2.1 0.35 micron via etched by a C3F8 (left) and 2H-heptafluoropropane
(right) process
propane is capable of achieving highly directional etch profiles, which are comparable to those
attained with the reference process.
Section 5.3 2H-Heptafluoropropane Process Development
The results of the work described in Section 5.3 indicated that it would be possible to develop a
high density plasma etch process with acceptable performance using 2H-heptafluoropropane in
place of C3F8. The goal of the 2H-heptafluoropropane etch process development phase of the
project was to develop a manufacturable process using this non-PFC source gas that demonstated
equivalent or better process performance in conjunction with reduced emissions of global warm-
ing gases from the process effluent. Work done at Motorola since the initial 2H-heptafluoropro-
pane studies indicated that operating at a high temperature significantly decreases the expected
lifetime of the process kit for the etcher, increasing the cost of consumables. For this reason,
Motorola's via etch process was redesigned to run at a lower temperature, and all further 2H-hep-
tafluoropropane process development work concentrated on lower operating temperatures. All of
the work described in this section was performed at Motorola's APRDL in Austin, TX.
EXPERIMENT
The first stage of the process development work was to develop a silicon dioxide via etch process
with 2H-heptafluoropropane that performed comparably to Motolola's current via etch process,
which utilizes C3F8. The equipment used was an Applied Materials Centura 5300 platform with
inductively coupled high density plasma chambers. The 200 mm test wafers consisted of pat-
terned TEOS (-32,000 A) covered with i-line photoresist (10,000 A). The vias etched had nomi-
nal printed dimensions of 0.6, 0.45, and 0.35 pm. Several multi-variable designed experiments
were performed to examine the effect of change in etch gas flow rate (17 to 27 sccm), source
power (1800 to 2200 W), bias power (600 to 1000 W), and temperature (200 to 220 'C) on the
process and the emissions. Criteria evaluated for the process performance included anisotropy,
resist selectivity, critical dimension, etch rate, and etch rate lag for smaller dimensions. Scanning
electron microscopy (SEM) was used to judge the etch process performance, and FTIR spectros-
copy was used to quantify the global warming emissions from the process.
Once a 2H-heptafluoropropane process demonstrating acceptable via etch performance with
reduced emissions was identified, further work was done to ensure that the process would con-
tinue to perform well in actual semiconductor manufacturing etch applications. The selectivity to
a thin plasma-enhanced nitride layer was tested. Additionally, a number of experimental runs
testing the ability of 2H-heptafluoropropane to stop on metal were performed.
A Nicolet Magna 550 optical bench with a 9.6 cm absorption cell and KBr windows was used.
The instrument sampled the process effluent downstream of both the chamber turbopump and its
backing dry mechanical pump. Calibrations for gases quantified in the effluent (2H-heptafluoro-
propane, C3F 8, C2F6, CF4 , CHF 3, HF, SiF4) were performed on the FTIR spectrometer, and all
showed linear responses in the concentration regime in which they were expected to appear in the
process effluent. The MMTCE calculation included each global warming species appearing in the
effluent, and was integrated over the entire 120 s etch.
RESULTS AND DISCUSSION
Earlier work had indicated that the process window for achieving reduction of global warming
emissions with 2H-heptafluoropropane is large; therefore, after confirming this observation by
measuring the emissions at several test points spread over the new parameter space, it was decided
that FTIR data would be collected only after the etch process performance was optimized.
The oxide etch rate, photoresist selectivity, and critical dimension were measured for the 2H-hep-
tafluoropropane experimental runs while source power, bias power, etch gas flow rate, and tem-
perature were varied. The etch rate was found to increase linearly with both increased bias power
and increased etch gas flow rate. Since the goal of the project is to minimize the emissions of glo-
bal warming gases, increasing the etch gas flow rate was the least acceptable choice for improving
the etch rate. While the bias power had an observable effect on the etch rate, source power did
not. The etch rate appeared to be relatively insensitive to source power at each point tested. Inter-
estingly, the temperature had a more complex effect on the etch rate (see Figure 5.3.1). The etch
rate maxima occur at both high temperature and low temperature. Since one of the objects of the
process development was to identify a 2H-heptafluoropropane process that is manufacturable,
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Figure 5.3.1 Etch rate as a function of temperature for 2H-
heptafluoropropane
increasing the temperature above approximately 220 'C was not possible. On the other hand,
reducing the temperature below 200 'C is not practical because the heat released by the plasma
increases the temperature of the chamber to approximately 200 'C. Based on the data, the avail-
able methods for maximizing the etch rate without significantly increasing the global warming
emissions of the process are increasing the bias power and lowering the temperature as much as
possible.
Other factors considered in the evaluation of potential 2H-heptafluoropropane etch processes
were selectivity to photoresist and the proximity to the nominal printed dimension measurement
for the via. No observable trends were found for resist selectivity as a function of source power,
etch gas flow rate, or temperature. However, lowering the bias power significantly improved
resist selectivity. This result highlighted a major tradeoff for the development of this etch process:
increasing the bias power improves the etch rate, but decreasing the bias power improves the pho-
toresist selectivity. No trend could be established for the effect of any of the parameters on the
critical dimension.
Figure 5.3.2 0.35 gm vias etched with low temperature
C3F8 (left) and 2H-heptafluoropropane (right) processes.
A process was identified that provided optimal etch rate, photoresist selectivity, and adherence to
the nominal printed dimension while demonstrating comparable process performance to C3F8: 22
sccm 2H-heptafluoropropane, 2000 W source power, 800 W bias power, and a temperature of 200
'C. Figure 5.3.2 shows a comparison of performance between Motorola's C3 F8 process and the
2H-heptafluoropropane process. Apart from the etch rate, which is slightly slower for 2H-hep-
tafluoropropane, the two processes exhibit virtually identical etch process performance. In fact,
the photoresist selectivity for the 2H-heptafluoroproane process is markedly better than that of
Motorola's process. Table 5.3.1 gives specific process performance comparisons.
Table 5.3.1 Process Performance of 2H-Heptafluoropropane
2H: 0.6 g 4.96 +4.5% C--E Center: 
-14% drop
0.6 g--0.35 g
+5.8% C--E Edge: -11% drop
0.6 g--0.35 p
2H: 0.45 Rt
Table 5.3.1 Process Performance of 2H-Heptafluoropropane
2H: 0.35 p. 4.52 +8% C-+E
Motorola C3F8: 0.6 p. 3.73 +3.2% C--E Center: -12.8%
drop 0.6 p-t0.35 p.
Motorola C3F8: 0.45 p. 3.73 +8.4% C--E Edge: -13.1% drop
0.6 g---0.35 p.
Motorola C3F8 : 0.35 p 3.23 +2.7% C---E
After the process was developed with 2H-heptafluoropropane to etch a blanket TEOS film, it was
tested with other materials commonly encountered in back-end-of-line oxide etching. Figure
5.3.3 shows an SEM taken from a wafer used to test the selectivity of 2H-heptafluoropropane to
nitride. Based on the amount of nitride remaining on the wafer from this series of tests and the
oxide etch rate calculated for the process at the 0.45 pm center point, the nitride selectivitity is
Figure 5.3.3 Selectivity of 2H-heptafluoropropane
process to plasma-enhanced nitride. Films on the wafer
from the top are photoresist, oxide, nitride, and metal.
approximately 1.4. Additional test wafers were run to determine 2H-heptafluoropropane's ability
to stop on metal. A representative result of those experiments is displayed in Figure 5.3.4.61 In
each case, the 2H-heptafluoropropane demonstrated infinite selectivity to the metal.
Emissions measurements were performed for both Motorola's C3F8 process and the 2H-heptaflu-
oropropane process using FTIR spectroscopy. All potential global warming gases in the effluent
(C3F8, C2F6, CF4, C3F7H, and CF 3H) were used in the MMTCE calculation for each process.
The decrease in the overall global warming emissions in going from Motorola's C3F 8 process to
the 2H-heptafluoropropane process was determined to be 42 percent. However, the emissions of
CF4, the longest-lived global warming gas in the atmosphere, were reduced by over 60 percent in
the 2H-heptafluoropropane process.
Figure 5.3.4 Selectivity of 2H-heptafluoropropane process to metal.
61. This particular photo is from a process run at an etch gas flow rate of 24 sccm. All other parameters
were the same as described earlier for the process.
SUMMARY
A oxide via etch process has been developed using 2H-heptafluoropropane that offers equivalent
(or better, in some aspects) etch process performance to Motorola's standard C3F8 process with
lower emissions of global warming gases. Etch rate, photoresist selectivity, anisotropy, critical
dimension, and etch rate lag were all factors in determining the process performance of 2H-hep-
tafluoropropane as parameters such as source power, bias power, etch gas flow rate, and tempera-
ture were varied. The process developed operates in a standard regime for the Applied Materials
Centura 5300 HDP chamber, and can be considered as a drop-in replacement for C3F8. Although
the process developed is both tool and chamber specific, it is likely that processes that demon-
strate similar good process performance in combination with reduced emission of global warming
gases using 2H-heptafluoropropane can be developed for oxide etch applications in a variety of
high density plasma tools.
Chapter 6. Conclusion
Alternative chemistries have been shown to be viable in reducing emissions from PECVD cham-
ber clean processes and wafer patterning processes without necessitating any sacrifice in process
performance. The list of alternatives under consideration for this project is constantly evolving as
more and more compounds become available from gas suppliers. Therefore, although the initial
vision for the project was for the etch viability testing phase of the work to end before chamber
clean process development or etch process development work began, all three have been taking
place in parallel. Partnerships are planned with most of the major gas suppliers to the semicon-
ductor industry (3M, DuPont, and AlliedSignal) to evaluate some additional alternatives.
The chamber cleaning component of the project is being phased out with the end of the NF3 via-
bility work. The industry and the equipment manufacturers are strongly committed to the use of
NF3 to virtually eliminate global warming emissions from chamber clean processes. Any organic
compound introduced to a plasma environment will produce some amount of PFCs in the process
effluent, and most other inorganics (e.g. interhalogens) are much more toxic than NF3. Continued
collaboration is planned with Novellus Systems to ensure that the chamber cleaning issue doesn't
reappear with the 300 mm toolset.
The focus of this project in the future will be wafer patterning process development. The 2H-hep-
tafluoropropane process development work was considered to be primarily proof-of-concept in
nature: demonstrate that emissions reduction can be achieved without compromising process per-
formance. However, since the emissions reductions for the 2H-heptafluoropropane process rela-
tive to Motorola's standard process were only about 40 percent, that work is seen as only an
intermediate-term solution to the issue of alternative chemistries for wafer patterning. Future
work in the project will involve process development for iodofluorocarbon chemistries, which are
believed to reduce emissions by as much as 95 percent. Preliminary data suggests that process
development using iodofluorocarbon chemistries will be much more challenging than developing
a 2H-heptafluoropropane process. Another possible focus for the future of this work is to step
back and take a more fundamental look at the nature of plasma etching and the issue of whether
carbon is really necessary to produce anisotropic etch profiles. It is possible that what is needed is
a passivation mechanism, not necessarily a polymerization mechanism, to achieve anisotropy.62
In that case, etching could occur in an NF3-based plasma environment, eliminating the possibility
of forming carbon-based PFCs in the process effluent.
There is a considerable amount of effort put into industrial collaboration for this project, and the
result is that this work is currently the focal point of a national effort to identify alternative chem-
istries for wafer patterning and chamber cleaning. Recently, Motorola and Applied Materials
have teamed up to donate and install an Applied Materials high density plasma etcher in ICL at
MIT. This donation will ensure that the success of the etch process development phase of the
project will no longer be dependent on equipment availability at Motorola, and, perhaps more
importantly, provides a mechanism for rapid technology transfer of alternative etch processes to
an equipment manufacturer for widespread introduction to the end users in the semiconductor
industry.
62. B. Pogge. Personal Communication, January 1998.
Appendix A. Additional Figures for TFAA Etch Viability Study
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Figure A.1 Modeled response of TFAA etch rate in oxideas a function of magnetic field and pressure.
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Figure A.2 Modeled response of TFAA etch rate in oxideas a function of etch gas flow rate and magnetic field
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Figure A.4 Modeled response of TFAA etch 
rate in oxide
as a function of oxygen flow rate and magnetic 
field.
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Figure A.5 Modeled response of TFAA etch rate in oxide
as a function of oxygen flow rate and etch gas flow rate.
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Figure A.6 Modeled response of TFAA etch rate in oxide
as a function of oxygen flow rate and pressure.
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Figure A.7 Modeled response of TFAA etch rate in
nitride as a function of magnetic field and pressure.
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Figure A.8 Modeled response of TFAA etch rate in nitride asa function of etch gas flow rate and magnetic field.
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Figure A.9 Modeled response 
of TFAA etch rate in
nitride as a function of etch 
gas flow rate and pressure.
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Figure A.10 Modeled response 
of TFAA etch rate in nitride
as a function of oxygen flow 
rate and magnetic field.
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Figure A.11 Modeled response of TFAA etch rate in nitride as a
function of oxygen flow rate and etch gas flow rate.
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Figure A.12 Modeled response of TFAA etch rate in
nitride as a function of oxygen flow rate and pressure.
Appendix B. Additional Figures for TFAA Chamber Clean Work
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Figure B.1 Modeled destruction efficiency of TFAA as a
function of oxygen flow rate and pressure.
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Figure B.2 Modeled destruction efficiency of TFAA as a
function of TFAA flow rate and oxygen flow rate.
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Figure B.5 Modeled chamber clean time as a function of
oxygen flow rate and pressure.
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